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ABSTRACT 
Data used for the present study were recorded at the 
small aperture cross-linear array station which was installed 
at Kaptagat (in m.v Kenya) by the University of Durham. The-
seismic array data from local earthquakes have been analysed 
by velocit~azimuth filtering t~chnique. Apparent velocities 
and az-imuths for first and later arrival phases were measured 
fox local rift events from the immediate east, for local 
events from the south west and for more distant rift events 
to the north and south of Kaptagat. 
Data from local rift events originating from the immediate 
east of Kaptagat were used in the present analysis to study 
the structure of the lithosphere beneath the Gregory rift at 
about 0.5°N latitude. The first arrival data (apparent 
velocities and azimuths) were determined to a high degree of 
accuracy. The first and later arrival data have been inter-
preted in terms of a simple two layer model with a horizontal 
refracting interface at a depth of 13 + 5 km and having upper 
and lower layer uniform velocities of 5.8 ± 0.2 km/s and 
7.2 + 0.2 km/s respectively. The minimum lateral extent of 
the top surface of this refractor is estim~ted at about 30 km. 
A maximum dip of about 6° on the interface is allowed by the 
data. 
In the preferred three layer model, a 10 km thick top 
horizontal layer of velocity 5.8 km/s overlies a 10 km thick 
intermediate layer in which velocity incre-ases uniformly from 
6.0 km/s at 10 km depth to 7.5 km/s at a dep·th of 20 km. The 
intermediate layer, in turn, overlies a 7. 6 krry' s refractor. 
The models derived from the present data are consistent 
with the theory that upward perturbation of the lithospher~ 
asthenosphere boundary giving rise to domal uplift, lithos-
pheric tension and magmatic activity, is the primary cause 
of rifting. 
ACKNOWLEDGEMENTS 
I thank Professor M.H.P. Bott and Dr. R.E. Long for the opportunity 
to work in the Department of Geological Sciences~ University of Durham. I 
givra special than~s to my supervisorp Dr. R. E. Longp for his patience~ 
adviceg guidanceg encouragement and criticisms over these years. 
I should also thank the Commonwealth Scholarship Scheme for financial 
support during the first part of my stay at Durham and the Federal Government 
of Nigeria for the scholarship that supported me during the remaining part 
of my stay. 
My thanks also go to Drs. J.E.G. Savage and W.G. Rigden for their 
usefuld discussions and suggestions. I thank the staff of the Computer unit 
at Durham for helping with computing problems. To the staff of University 
of Durham Science Library, I am very grateful for the provision of workspace 
and other library facilities. 
Finally I thank my wife, Ifeoma, whose care and firm support over 
these years have helped to sustain me. 
CONTENTS 
CHAPTER 1 THE EAS'r Al' ... RICl\N RIFT SYSTEM 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
l. 7.1 
l. 7. 2 
1.7.3. 
l. 7. 4 
1.8 
Introduction 
':':'he Fast l\.ft" ican Rift System 
The Gregory Rift 
Evolution of the Gregory Rift 
Petrochemistry 
Summary 
Relevant previous geophysical work in Africa 
Africa outside the rift zone 
~idence for existenc~ of anomalous upper mantle 
beneath the rift· zone 
Crustal structure close to but outside the 
Gregory rift 
The structure of the lithosphere within the 
Gregor·y rift 
Theories of the rift formation 
DA'rA COLLECTION 
Introduction 
CHAPTER 2 
2.1 
2.2 
2.3 
Geology of Yaptagat area 
Array siting and instrumentation 
CHAPTER 3 VBLOCITY FILTERING 
3.1 
3.2 
3.3 
3.3.1 
3.3.2 
3.3.3 
3.4 
3.4.1 
3.4.2 
3.4.3 
3.4.4 
3.5 
3.5.1 
3.5.2 
3 0 5. 3 
3.5.4 
3.6 
3.6.1 
3.6.2 
.3.6.3 
3.7 
Seismic arrays 
Review of some array processing techniques 
Array response 
Introduction 
Array response in the pr~sence of coherent noise 
Array response in the presence of incoherent 
noise 
Data processing 
Processing facilities 
The velocity filter program 
Performance tests on the filtering program 
Interference problems 
~timates of error in apparent velocity and 
azimuth measurements 
Ftror due to assumption of plane wavefront 
Frror Cl_'le to finite sampling rate 
Deter~i~~tion of the centre of correlator peak 
Error from incorrect assumed velocity/ azimuth 
Processing of Kaptagat data 
Analogue to digital conversion of the array data 
Velocity filtering on ~od 1 computer 
Filtering on ID~ 360/370 computer -
The data 
1 
1 
1 
4 
6 
13 
15 
16 
16 
22 
34 
65 
·66 
-6.6 
Gil 
72 
72 
77 
84" 
84 
88" 
94 
•95 
95 
91 
101 
114 
121 
121 
126 
132 
135 
137 
137 
141 
148 
19J 
CHAPTER 4 LOCA~ION OF EPICENTRES 
4. 1 
4.2 
4.3 
4.4 
4.5 
4.6 
Introduction 
l'brmal mul tis tat ion location procedure 
Location orocedure from a single array station 
Structure of the seismograms and the identity 
of a prominent arrival 
Focal deoth estimates 
mtimating epicentral distances from 
P-X times 
CHAPTER 5 INTERPHETATinN ()F CLOSE JN EASTERN RIFT DATA 
------
5. 1 
5 .1.1 
50 l. 2 
5.2 
5.2.1 
5.2.2 
5.2.3 
5.2.4 
5. 2. 5 
5.3 
5.4 
5. 4. 1 
5.4.2 
5. 4. 3 
5.5 
5.6 
5.7 
5.7.1 
5. 7. 2 
5. 7. 3 
5.7.4 
ill TERMS OF PLANE LAYERED MODELS 
Introduction 
The gravity starting model 
The seismic starting model 
The data 
Comparison of the present data with the data 
of Maguire and Long(1976) 
Velocity/P-X time relationshio 
Distance/azimuth relationship 
Velocity/azimuth relationship 
Conclusions and inferences 
Discussions on focal denth and the effect of 
shallow structures close to Kaptagat 
Jnterpretation of first arrival data in terms 
of plane layered models 
Introducti0n 
Two layer plane model with horizontal bound~ry 
Gently dioping boundary 
The effect of a steep dip on the boundary 
Lateral variation in velocity 
Vertical variation in velocity 
Introduction 
The ray tracing program 
Interpretation in terms of uniform increase in 
velocity with depth 
Summary 
CHAPTER 6 INTERP-qETATION OF SECOND ARFIVAL 11\TA 
6. 1. Introduction 
6.2 G~ide to the identification of some later 
6.2.1 
6.2.2 
6. 2. 3 
6. 2. 4 
6.3 
6.3.1 
6.3.2 
6.3.3 
6.3.4 
6.4 
arrival phases 
Introduction 
Direct waves 
Wide anqle reflections 
A ITUl tiple reflection phase 
Refractor de~th estimates from some identified 
ohases 
The 5.8 km/s arrivals 
Refracted reflectionq? 
Wide angle reflectio~~ 
A multiple r~flection ohase 
Summary 
197 
197 
197 
!99 
200· 
206 
2·11 
·226 
226 
226. 
228 
2~33 . 
216 
243 
24 7 
24 9 
254-
256 
263 
263 
264 
271-
29 5 
28 9 
291 
291 
293 
296• 
312 
318 
318 
319. 
319 
120 
3 23 
326 
129· 
3 30 
3 35 
336 
3 40. 
340 
CHAPTER 7 DISCUSSION AND CONCLfJ SIONS 
7o1 
7o2 
7 0 2 0 1 
7o2o2 
7.2o3 
7o3 
7.4 
7.4.1 
7.4.2 
7.5 
The preferre~ mo~el comoared with previous models 
Some limitations of the present data 
~ncertainties in the estimates of focal depth 
and distance 
Application of velocity/azimuth filtering 
technique to records from local earthquakes 
The volcanic/sedimentary cover 
The present data and theories of rift formation 
Suggestions for further research 
'J.'he crust 
The upper mantle 
Conclusions 
APPENDICES· 
A 
B 
c 
D 
The velocity filter program for Mod 1 computer 
Program that generates a decaying sine wave for 
storage in ten channels on tape/disk 
Programs Tn Fl\ D and VF IL 
~oressions for travel times of head waves from 
a plane dioping interface in a two layer medium 
REF E:RENCES 
3 46 
146 
352 
352 
353 
351 
3 56 
359 
360 
362 
364 
3 68. 
'3 71 
373 
382 
L1 
1.2 
L3 
1.4 
L5 
1.6 
1.7 
1.8 
1.9 
1.10 
1. 1la 
1.11b 
1.12 
1.13 
1.14a 
1.14b 
1.15 
2.1 
3.1 
3.2 
3.3 
3.4a 
3.4b 
3.5 
3.6 
3.7 
LIST CF F ICD RES 
The Afro-Arabian rift system 
Major faults of the Gregory rift 
Isobases of the sub-Miocene erosion surface 
in Keny<: 
CANS D, AF RIC South African shear wave models 
of the lithosphere 
Seismic crustal models for southern Africa 
Gravity models for the Kenya dome and the 
Gregory rift 
A seismic section of the Kenya dome after 
Savage and Long (1985) 
A contoured map of the upper surface of the 
upper mantle low velocity zone beneath the 
western flank of the Gregory rift 
A crosssection of the model for the western 
flank of the rift at about 0.5°N latitude 
P-wave velocity models for the crust close to 
but not within the central part of the 
Gregory rift 
Locations of the seismic lines used in the 
refraction studies of Griffiths et al. (1971) 
and Swain et al. (1~81) 
Seismic model of the crust beneath northern part 
of the Gregory rift (Griffiths et al., 1971) 
(a) Velocity section derived from KRISP first 
arrival data. (b) .Gravity profile at about 0.5°N 
(c) Location of the KRISP85 seismic experiment 
sho.wing the lines and shot points (d) Velocity-
depth structure along the axis of the rift from 
Lake Baringo to Lake Magadi 
Seismic crusta] model across the Gregory rift 
at about 0.5°N latitude 
Crustal tension and the formation of grabens 
Graben formation by wedge subsidence 
Stages in the development of a domed and 
rift structure 
Plan of Kaptagat array with red(R) and yellow 
(Y) lines of seismometers 
(a) LASA plan and (b) the configuration of a 
typical LASA subarray 
A plane wavefront crossing a two dimensional 
array of seismometers 
Contoured correlator response for Kaptagat array 
A decaying 5hz sinuosoid linked to each of the 
ten Kaptagat pits 
The decaying sinusoids of fig. 3.4a with delays 
inserted to correspond to a velocity of 6.0 
km/s and azimuth 225° 
TAP traces for data of fig. 3.4b at an 
0 
azimuth of 224 
Plot of measured normalized correlator output 
against velocity for an azimuth of 224° 
Velocity responses at azimuths of 130° and 135° 
2 
5 
9 
17 
20 
24 
29 
33 
33 
36 
39 
39 
41 
43 
47 
61 
61 
64 
70 
75 
80 
93 
102 
104 
107 
108 
112 
3.8 
3.9 
3.10 
3.11 
3.12 
3.13 
3.14 
3.15 
3.16 
3.17 
3.19a 
3 .18b 
3.19 
3.20a 
3.20b 
3.21 
3.22 
3.23 
3.24a 
3.24b 
Reduced travel time graphs for some prominent 
phases from the crustal model of Maguire and 
Long(1976) for a surface focus 
Correlator out~uts for window lengths of 0.05s, 
0.10s and 0.20s when two interferring signals 
cross the array with phase velocities of 6.0 
and 8.0 km/s resnectively 
Plot of peaking velocity against averaging time 
Plots of normalized corr5lator output against 
apParent velocity at 224 azimuth and for 
averaging times of 0.05s and 0.20s . 
Schematic diagram for a curved wavefront 
crossing an array 
~ diagram illustrating difference in positions 
of nlane an1 spherical wavefronts at a distance 
~rom source 
Velocity correlator response at an azimuth of 
90° when the array is tuned to receive a signal 
with velocity 7.0 km/s and azimuth 90° 
Azimuth correlator response at the velocity of 
7.0 km/s for Yaptagat array when the array is 
tuned to receive a signal with velocity 7.0 
km/s from an azimuth of 90° 
Plot of correlator peak azimuth response 
against search velocity 
Plot of correlator peak velocity response 
against search azimuth 
A record of event number 7 including six 
seismic channels 
Correlator outout from unfiltered record of 
event number 7 for an azimuth of 105° and a 
range of phase velocities 
. 0 
Velocity response for event number 7 at 105 
azimuth 
The data (velocity and azimuth) for closein 
immediate eastern rift events assuming first 
and later arrival azimuths are the same 
The velocity and azimuth data for distant rift 
events to the north and south of I<'aptagat 
A record of a closein local rift event frum the 
immediate east of Faptagat 
Contours showing the three peaks indicated 
in table 3.7 
"!?irst arrival velocity resPgnses for event 
number 7 at azimuths of 112 , 114° and 116° 
Correlator olot output for times close to the 
first arrival of event 11. ·One peak plotted 
every 0.02s 
Correlator output for times close to the first 
arrival for event 11. Two peaks plotted every 
0.01s 
118 
121 
122 
123 
125 
125 
133 
134 
136 
138 
143 
145 
146 
149 
153 
157 
162 
165 
166 
168 
3.25 
3.26 
3.27 
3.28 
3. 29a 
3.29b 
3.30 
·3.31 
3.32 
3.33 
4.1 
4.2 
4.3 
4.4 
4.5a 
4.5b 
4. 6a 
4.6b 
4.7 
5.1a 
Correlator plot output for event 11. One peak 
clotted every 0.05s 
Correlator pl.ot outnut for event 11 beyond 
12.50s. One peak platte~ at O.D2s intervals 
Flat of correlation, apparent velocity and 
azimuth as functions of time along the 
seismic trace 
Plotter cutout from program VF~ for event 7 
with two peaks plotted at intervals of 0.04s 
~-otter outnut for event number 7 with 2 peaks 
plotted at intervals of 0.01s 
Flatter output for event number 7 with two 
peaks plotted at 0.01s intervals~ Velocity 
and azimuth incremented by 0.1 km/s and 1° 
resoectively 
Flat of correlation , apparent velocity and 
azimuth as functions of time along the seismic 
trace for event number 7 
Apparent surface velocity(km/s), azimuth 
(degrees) and relative onset time data for 
closein local rift events from the immediate 
east of Yaotagat 
The data (velocity and azimuth} for rift 
events to the north and south of Yaptagat 
Data for local events originating from the 
immediate west of Kaptagat 
A record of a closein local rift event coming 
from the inooediate east of Kaptagat 
Correlator clot output for event 11 in the time 
range containing the onset of 'X' arrivals 
Vertical distribution of earthquake foci : 
(a) from east to west through Lake Manyara, 
~) along the southern part of the Gregory rift 
Plot of epicentral distance against time 
difference between selected pairs of phases 
for assumed models 
Location of epicentres in relation to rift 
structure 
Location of eoicentres of local events to the 
immediate east of ~ptagat in relation to the 
rift structure 
Location of epicentres of the immediate eastern 
local events in relation to the Bouguer anomaly 
mao 
Location of some eoicentres in relation to the 
Bouguer anomaly mao of central part of the 
Gregory rift 
Location of eoicentres in relation to the 
conductivity anomalies of Eanks and Beamish 
(1979) 
Bouguer gravity profile and crustal model of 
the central Gregory rift (Eaker and 
Wohlenberg, 1971) 
169 
170 
176 
177 
178. 
179 
183 
188 
192 
195-' 
201 
203 
210 
215 
220 
221. 
222 
223. 
225 
229 
5.1b 
5.1c 
5.2a 
5.2b 
5.3a 
5.3b 
5.4 
5.5 
5.6a 
5.6b 
5.7 
5.8 
5.9a 
5.9b 
5.9c 
5.9d 
5.10 
5.11 
5.12a 
5.12b 
5.13 
5.14 
5.15 
5.16a 
Seismic crustal model for the Gregory rift at 
about 0.5°N 234 
A gravity model from Baker and Wohlenberg 
(1971). ? or comparison the top surface of 
the seismic model of Savage and Long(1985) is 
shown by the dashed line 235 
Location of epicentres of local events to the 
immediate east of Kaptagat in relation to the 
rift structure 237 
Location of some epicentres in relation to the 
Bouguer anomaly map of central part of the rift 238 
Epicentres of events used by Maguire and Long 
(1976) 239 
Epicentres of events used in the present study 240 
Plot of first arrival apparent velocity 
against P-X time 244 
Event P-X time plotted against first arrival 
azimuth 248 
Plot of first arrival apparent velocity against 
azimuth 250 
Plot of first arrival apparent velocity against 
normal distance of epicentre from rift axis 253 
Epicentral distances of the 11 events plotted 
as ray path distances in the crustal model of 
Maguire and Long (1976) 257 
Two dimensional interpretation of gravity 
profile at about 0.5°N (Swain et al.,1981) 260 
Plot of hypocentral locations assuming the ray 
paths are all in a material of velocity 5.8 km/s 265 
Plot of maximum refractor depth, H , against 
focal depth, h, for the two layer ~orizontal 
plane model 268 
Ray paths for head waves travelling down dip 
from focus to Kaptagat 272 
Ray paths for head waves travelling up dip 
from focus to Kaptagat 272 
Plot of refractor velocity against refractor 
dip consistent with mean apparent velocity 
of 7. 2 kn:Y s 27 4 
Maximum vertical depth of the refractor beneath 
the epicentre plotted against focal depth 278 
Pefr.actor positions for different fogal depths 
taking the dip on the refractor as 6 up towards 
the ~ast 280 
Positions of the 5. 8/6. 5 kn( s interface for 
different focal depths assuming the dip on the 
interface is 9° up towards the west 284 
Diagram to illustrate the deviation of a ray to 
Kaptagat as it encounters a steep plane boundary 
between materials of velocities V 1 and V 2 286 Fay path deviation, D, plotted against refractor 
velocity, v 2 for different angles of dip 287 Ray tracing (using RT01) through the lithospheric 
model of Savage and Long (1985) 297 
Ray diagram for direct waves from the model 
shown 300 
5.16b 
5.16c 
5.16d 
5.16e 
5.16f 
5.17 
5.18 
6.1a 
6.1b 
6.2a 
6.2b 
6.3a 
6.3b 
6.4 
6.5 
Reduced travel time plot for direct waves shown 
in fig. 5.16a 
Ray diagram for reflections· from the interface 
at c'!epth of 10 km for the model shown 
Reduced travel time plot for reflections shown 
in fig-. 5.16c 
Ray diagram for diving waves sampling the 
intermediate layer of uniform increase in 
velocity with depth 
Reduced travel time plot for the diving waves 
and reflections shown in fig. 5.16e 
Apparent surface velocities derived from the 
travel times calculated for the model of fig. 
5.16 are plotted against epicentral distances 
assuming an average focal depth of 9 km 
The positions A, Band C of the 5.8/7.2 km/s 
refracting interface in the model 
(assuming mean focal depths of 5,10 and 15 km 
respectively) are superposed on the structural 
model of Savage and Long (1985) 
Theoretical apparent velocity for direct waves 
in a material of velocity 5.8 km/s plotted 
against focal depth for epicentral distances 
of 40,50,60, 70 and 80 km respectively 
Plot of travel time against focal depth for 
direct waves and for head waves from hori~ontal 
interfaces at depths of 10,15 and 20 km respecti-
v~ly assuming epicentral distance of 60 km 
Plot of apparent velocity of wide angle 
r2flections against focal depth for reflector 
deoths of 10,15 and 20 km respectively at a 
distance of 60 km 
Plot of difference, t, between the onset times 
of head waves and wide angle reflections frum 
the same interface depths 10,15 and 20 km 
resoectively assuming epicentral distance of 
60 km 
Flot of apparent velocity of multiple reflect-
ions (of the type described in section 6. 2. 4) 
against reflector depth, H, for focal depths 
of 5, 10, 15 and 20 km respectively 
Plot of difference, t, between the onset times 
of headwaves and multiple reflections (described 
in section 6.2.4) against interface· depth H for 
focal depths of 5,10,15 and 20 km respectively 
Flot output from program VF IL applied to data of 
event number 7 in the region of the first arrival 
Values of refractor depth H calculated from the 
difference of 1.20s between the onset times of 
direct and head waves (assuming a focal depth 
of 5 k~) are plotted against epicentral distance 
for distances in the range 30 to 100 km 
3011 
302 
303 
304 
305 
311 
321 
321 
325· 
325 
328 
328 
333 
334· 
6.6 
6.7 
6.8 
7.1 
7.2 
Ray paths (arrowed) illustrating refracted 
reflections in a simple two layer structure 
with plane interface 
The two layer model consistent with the first 
and later arrival data 
The three layer model consistent with the data 
Comparison of tlte preferred structural model 
with some other previous models for the 
Gregory rift 
Stages in the development of a domed and rifted 
structure 
334 
344 
345 
347 
358 
2.1 
3.1 
3.2 
3.3 
3.4 
3.5 
3. 6a 
3.6b 
3.6c 
3.6d 
3.7 
3.8 
3.9 
3.10 
3.11 
L Isr OF TABLES 
Kaptagat seismometer site coordinates and 
altitudes 
Normalized amplitudes in the neighbourhood 
of (6.0 km/s, 225°) when the array is tuned 
to the signal (6.0 km/s, 225°) 
Normalized correlator amplitudes in the 
neighbourhood of the signal (7. 0 km/ s, 270°) 
to which the array is tuned 
t-brmalized 'rAP amplitudes for sbgnals in the 
neighbourhood of (7.0 km/s, 135 ) when 0 ~ptagat array is tuned to (7.00 krn/s,l35 ) 
Measured velocities and azimuths at different 
azimuths when the outputs of the array sensors 
are given delays corresponding to a signal 
crossing the array with velocity of 7.0 km/s 
at each of the given azimuths 
Step-out times of 6.0 km/s and 8.0 km/s arrivals 
at Kaptagat nits when the two interferring 
signals come in from an azimuth of 225° 
1 f () N' Va ues 0 av computed for Kaptagat pits at 
signal azimuths in the range 75° to 115° for 
an apparent velocity of 6.0 km/s 
rl T\1 I Values of ~ computed for Kaptagat pits at 
signal azimuths in the range 75° to 115° for 
an apparent velocity of 7.0 km/s 
aN' Values of av computed for ¥aptagat pits at 
signal azimuths in the range 75° to 115° for 
an apparent velocity of 7.5 km/s 
() N' Values of ae computed for Kaptagat pits at 
signal azimuths in the range 75° to· 115° for 
phase velocity of 7.0 km/s 
Correlator print output from program VF ~ 
showing first arrival parameters for event 11 
~brmalized peak correlator outputs and the 
corresponding first arrival velocities measured 
at azimuths close to the azimuth of the first 
arrival for event 11 
Correlator print output for event 11 in 
time range containing 'X' arrivals 
Correlator print output for event 7 with 
peaks clotted every 0.01s 
Measured P-X times and the corresponding 
arrival measured apparent velocities and 
azimuths of the local rift events to the 
immediate east of Kaptagat 
the 
two 
first 
69 
106" 
110 
Ill 
113 
120 
128 
129 
130 
131 
159 
164 
171 
181 
184 
3.12 
3.13 
4. 1 
4.2 
4.3 
5.1 
5.2 
. 50 3 
6 0 1 
6.2 
6.3 
6.4 
Measured J'-X times and the corresponding 
measured first arrival apparent velocities 
and azimuths of rift events to the north and 
south of Yaptagat 
Beasured P-X times and the corresponding 
measured apparent velocities and azimuths 
of events originating mainly from the south 
west of Kaptagat 
Heasured F-X times and azimuths for the 11 
local rift events to the immediate east of 
Yaptagat 
~planation of labels on the curves of 
distance against time difference shown in 
fig. 4.4 
~timated eoicentral distances for close in 
local ri!:t events to the immediate east of 
185 
212· 
216 
Yaotagat 219 · 
Normal distances of epicentres measured from 
the rift axis, positive to the east and negative 
to the west 252 
A portion of the print out~ut from the program 
SEIS 83 applied to the model of fig. 5.16 
Val~es of apparent velocity, V, estimated for 
the ·diving waves from the model of fig. 5.16 
for various distances, ~ and times, t 
~timates of refractor depth based on inter-
preting the 5.8 km/s arrivals as direct waves 
and at focal depths of 5, 10 and 15 km 
Step-out times between the first arrivals and 
the p~ase 'b' and the calculated focal depths 
Parameters of the phase marked 'w' in fig. 
3.31 and identified as wide angle reflections 
Farameters of the phase marked 'm' in fig. 
3.31 and interpreted as multiple reflections 
of the typ~ described in sections 6.2.3 and 
6.3.4 
307 
310 
3 31 
337. 
339 
341. 
1 . 
CHAPTER 1 
THE EAST AFRICAN RIFT SYSTEM 
lol Introduction 
The Afro~Arabian rift system (figolol) includes the Gulf 
of Aden 9 the Red Sea and the East African riftso These three 
rifts form a triple junction in the Afar region thus 
trisecting the Afro-Arabian plateauo The East African rift 
system is the world 9 s largest and best exposed example of a 
continental rift systemo It is apparently connected 9 via 
the Gulf of Aden 9 to the Carlesberg ridge of north west 
Indian oceano Hence 9 unlike other continental rifts 9 it 
appears to be a continental extension of the global mid-
ocean ridge systemo 
In the Red Sea nnd the Gulf of Aden 9 there has been 
complete separation of the continental lithosphere and the 
evolution of a new oceanic lithosphere by sea floor spreadingo 
A thorough understanding of the magmatic and tectonic 
processes beneath the East African rift is required to 
establish whether the rift system is at the closing stages 
of a stalled evolution or is marking the initiation of an 
episode of lithospheric spreadingo 
lo2 The Easi_A!rican Rift_§yE~em 
The East African rift system extends southwards from 
Afar depression to Mozambique for a distance of about 3000 km 
(King 9 197B)o On a continental scale 9 the rift system is 
essentially a north-south trending feature although its 
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structural elements only exceptionally show this trendo Over 
much of the rift system a simple graben structure is expectional 
and the series of rifts are not continuously connected (Le Bas 9 
197l)a The actual rift pattern is considered to be largely 
controlled by the influence of the pre~existing structures of 
the basementa Within Eastern Africa 9 the Tanganyika shield 
with east-west trends 9 appears to have acted as a resistant 
block deflecting the fault patterns to either side 9 thus 
forming the western and eastern rifts (figo lol)a These two 
branches appear to frine;e the East African plateau on the west 
and east and cojoin throu~h a broad zone of faults north of 
Lake Malawi at about latitude 8°So 
Apparent faultinE ends in the neighbourhood of the Limpopo 
River (King, 1970)o But heatflow and seismic data suggest that 
rifting may extend to as far south as 23°8 (Chapman and Pollack 9 
19759 Fairhead and Girdler~ 1969)o Seismicity studies sugges~ 
the existence of a tensile zone extending the eastern branch of 
the East African Rifts'9 on land 9 from North Tanzania divergence 
in a north-west to south-east direction to the Tanzanian coast~ 
line at about 7°Sa From there the eastern rift is further 
extended through northern Mozambique continental slope south-
wards along the Kerimbas and Lacarda deep grabens to as far 
south as about 17°So Hence the Tanzanian rifts form a link 
between the eastern rift and the troughs along the Mozambique 
continental margin (Mougenot et alo 9 1986)., 
The East African rift system is a zone of normal faults 
indicating tensile stressfield (Heiskanem and Vening Meinesz 9 
1958; Fairhead and Girdler 9 197l)o It traverses two broad 
elongated domal uplift::s 9 the Afro-Arabian (Ethiopian) dome in 
4 0 
Ethiopia and the I<enya dome further south in Kenya. The main 
Ethionian rift, starting from .l\far, traverses the crest of the 
Fth iopian c.ome and extends about 4 50 km south -·south westward 
before dying out in a series of splayed tilted blocks 
(Shackleton, 1978). 'T'his splayed strecture seperates the 
f:'thionian rift to the north from the Gregory rift to the south. 
1.3 The Gregory Rift 
The Gregory rift (fig. 1. 2) is that part of thE~ Eastern 
rift lying within Kenva and northE'rn Tanzania. It bisects the 
funva domal uplift which is a second order structure and local 
culmination on tte eastern ri.m of the more extensive East 
African plateau. The ~rya dome is elliPtical. in plan, about 
1000 km long and 300 to 400 km vtide (Logatchev et al, 1983). 
Elevations along both the shoulders and the floor of the rift 
rise towards the central sector of the dome. The dome may be, 
however, more a reflection of volcanic accemulation than of 
vertical uplift, which can only be judged from the displacement 
of leve.ls of the basement ~King, 1978). 
The fault pattern in the Gregory rift has an element of 
symmetry about thE; minor (east-west) axis of this uplift while 
the main rift is located on the crest and major ~orth-south} 
axis. The Gregory ri_ft r:tDoroximates a discorotinuous fault 
bounded graben for about 45C km between latitudes 2°S and 2°N 
along the ~ajor axis of the uplift (Ki.ng, 1978) although later 
estimates suggest that the main uxial depression is over 600 km 
in length (Logatchev et al,1983). Thtimates for the overall 
width of the Gregory graben are all in the range 60-90 km (Baker 
et al., 1972; Lon~atchev et al,1983; F"ing, 1978) while the width 
of the central graben is estimated at about 20-30 km (Baker and 
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Wohlenberg~ 197l)o Generalised structural map of the Gregory 
rift shows a sinuous swine; in trend betwe'en about 0° and 1 °S 
latitude (fi~o lo2)o 
The faults are essentially normal dip-slip type and marginal 
faults have throws up to 4 kmo Height of the fault escarpment 
in the central sector of the rift ranges up to 2000 m (Baker 
and Wohlenberg 9 19719 Kinc 9 1978)o Step faults and ramps lead 
from the margins to the central grabeno The graben floor and 
step fault platforms are composed of Plio-Pleistocene volcanics 
cut by dense swarms of closely spaced sub-parallel faultso' The 
faults on the rift floor are locally hidden by late Quaternary 
volcanic piles (McCall 9 1968)o 
Northwards around Lake Turkana 9 by a succession of splay 
faults and downwarps the rift zone widens·to an ill defined feat-
ure about 200 km acrosso This region separates the Gregory rift 
from the Ethiopian rift indicating that 9 at least superficially 9 
the two rifts are not a single continuous featureo Southwards~ 
too 9 in Tanzania 9 the Gregory rift widens by splay faulting 
and merges into a zone of tilted blocks (Baker et alo~l972)o 
The Kavirondo rift branches from the Gregory rift at the 
centre of the Kenya domal uplift and trends west and southwest, 
bisecting the highest part of the Western plateau and descending 
westward into Lake Victoriao Estimates for the width of the 
Kavirondo rift are in the range 15 to 30 km (Baker et al:,l9?2; 
King, 1978)o 
lo4 Evolution of the GregQ~Rift 
The Eastern rift and its associated uplifts are 
impressed on the late Precambrian - early Palaeozoic 
7.· 
Mozambique orogenic belt whose age is estimated to be 
in the range 835 to 400 my (Cahen and Snelling, 1966). 
During most of the Palaeozoic, Eastern Africa was 
occupied by fold mountains being eroded (Baker et 
al., 1972). Marine transgression started in the late 
Triassic - lower Jurassic in the Horn of Africa and 
extended westward to cover Somal~a, NE ~nya, most of 
Ethiopia and SW Arabia by the end of the Jurassic. 
This marine transgression resulted from the opening 
Indian ocean (Shackleton, 1978). Downwarped sediments 
up to 2000 m thick in north central Ethiopia suggest 
that a subsiding trough lay along the future site of 
the Ethiopian rift as early as the Jurassic. 
Regression of this sea began by the end of the 
Jurassic or early Cretaceous and continued with minor 
periods of transgression into the early Tertiary. The 
Cretaceous regression in eastern Africa may have been 
caused by continental epeirogeny (Baker et al., 1972). 
But evidence for localised differential uplifts in 
Ethiopia and Kenya are found in well preserved planar 
erosion surfaces (Saggerson and Baker, 1965). From 
these erosion surfaces it is inferred that uplift of 
central Kenya and Ethiopian domes took place in three 
synchronous pulses seperated by long periods of crustal 
stability and erosion. In both Kenya and Ethiopia, the 
three uplift stages are estimated as late Eocene, lower-
middle ~ocene and Plio-Pleistocene. 
In central Kenya there was an uplift of about 
500 m in the lQtc Eocene and a further uplift of 300 m 
in the mid-Miocene. There was a major uplift of about 
8 0 
1500 m in central Kenya in the Plio-Pleistocene (Baker 
et al., 1972; Shackleton, 1978). The amount of each 
uplift decreased towards the east and was accompanied 
by flexuring and subsidence of the coastal region. 
The isobases of the sub-~iocene erosion surface is shown 
in fig. 1.3 which indicates that the sum of uplifts 
since the mid-Tertiary reached a maximum of 1800 m. 
The upper Eocene uplift of the Afro-Arabian region 
marked the initiation of the Ethiopian domal uplift and 
of the eastern rift system. The uplift was preceded 
and accompanied by the outpouring of the Eocene-Oligocene 
Trap series fissure basalts (which cover most of 
Ethiopian and Somalian plateaux and the Yemen highlands 
of south-western Arabia) and axial ~ownwarping in 
Ethiopia. The Trap series represent the largest single 
volcanic event in the history of the eastern rift and 
covered 750, 000 km 2 in Ethiopia and 30,000 km2 in south 
west Arabia (Gass, 1970). Its estimated total thickness 
reaches 4 km in northern Ethiopia (Mohr, 1967). There 
was no equivalent Tertiary volcanism 1n Kenya (Logatchev, 
1972) 0 
By late Oligocene - early Miocene time, embroyonic 
troughs had formed along the present lines of the Red 
Sea and the Gulf of Aden. This mid-Tertiary phase of 
development extended southward through Afar and Ethiopia 
and was manifested by downflexing and faulting of the 
Turkana depression of northwest Kenya. 
The formation of the Gregory rift started in the 
lower to middle Miocene (about 23-16 my ago) with the 
monoclinal upwarping of of the Kenya-Uganda border area 
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accompanied by downflexing of Turkana depression 
(Shackleton, 1978; TUng, 1978; Logatchevy 1972). 
10. 
During this period, alkaline carbonatite central 
volcanoes of eastern Uganda and of the future Kavirondo 
rift were formed on the uplifted area. In the com-
plimentary Turkana depression, this was accompanied 
by massive fissure eruptions of basaltsy mugearites 
and ryolites. The central rift area was uplifted about 
300 m (Saggerson and Baker, 1965). 
During the upper Miocene (about 13.5-12.0 my ago), 
the area of volcanic activity shifted to the Kenya 
domal uplift and lost its connection with.the Ethiopian 
volcanic area. Immense fissure eruptions of phonolites 
and phonolithic trachytes occured through systems of 
fractures on the crest of the volcanic uplift along the 
strike of the future Gregory rift. Fissure eruptions 
dominated this stage which has the highest magmatic 
productivity in the whole history of the rift develop-
ment. Estimate of the total volume of upper Miocene 
phonolites is 25,000-30,000 km 3 (Logatchev, 1972). 
In the lower-middle Pliocene times (about 10 to 
5 my ago), volcanic activity was restricted to a 
narrower zone but extended southwards beyond the 
limit of the plateau phonolites at the latitude of Lake 
Magadi. The mode of eruptions changed from mainly 
fissure to predominantly central. The numerous volcanoes 
were situated along the rift floor or over the s6arps 
of the rift shoulders thus suggesting a connection with 
the future rift which at this time was still noL 
defined as a real trough. At the same time, the 
lL 
petrochemical composition of the volcanic rocks changed 
substantially from being strongli alkaline to being 
more variable. During this period, fault displacements 
took place along the Elgeyo escarpment and to the 
north of it within a flex ure zone seperating Turkana 
depression from the Eastern Uganda upwarped area. 
Marginal faults of the Kavirondo rift were possibly 
formed at this time (Logatchev et a~ 1972). 
On the western side of the rift zone vertical 
displacements embraced nearly the whole length of the 
structure from Kam~si? range in the north to Crater 
Highlands in the south. Displacements on the 
eastern side occurred only in a limited section at the 
foot of the Aberdare range. Hence extensive rift fault-
ing following "1iocene uplift produced a meridional 
asymmetric trough faulted mainly on its western side. 
There was minor trachyte volcanism on the rift floor 
of this trough. This was followed by much more massive 
ne~r.lv 
voluminous basaltic eruptions along L the whole 
length of the trough together with the formation of the 
dominantly basaltic Aberdare Central volcanic range. 
The next stage in the rift development was in the 
upper Pliocene-Lower Pliestocene (about 5.0 to 2.0 my 
ago). In the upper Pliocene, massive eruptions of 
trachytic ignimbrites began in the central part of the 
rift floor locally filling the rift and overflowing its 
banks. The basalt series was formed mainly by fissure 
eruptions on the rift valley floor. Major upliftphase 
beyan which raised central Kenya by a further 1500 m. 
12. 
This uplift was accompanied by major graben faulting 
along most of the Gregory rift at the end of the 
Pliocene. It was followed by mainly fissure trachyte 
volcanism which flooded most of the graben floor (Baker 
et al., 1972). At the end of this phase an outline of 
the Gregory rift was created as the shoulders were up-
lifted while the floor was downfaulted (King, 1978). 
Simultaneous with the immense basalt volcanic activity 
was the establishment of autonomous magma chambers to 
the east of the rift. These chambers started the 
formation of the gigantic volcanoes of Kenya and 
Kilimanjaro and probably Kulal (Logatchev, 1972). 
Volcanic activity to the west of the rift stopped com-
pletely at the start of the rift downfaulting. From 
that time on, volcanic activity was restricted to the 
regions within and to the east of the rift. 
During the lower-middle Pleistocene times (about 
2.0-0.7 my ago), the developing graben was partly filled 
by flood trachytes. This stage witnessed the formation 
of rift trough along the whole length of the Gregory 
rift. There were further local rejuvenations of the 
main graben and stepfaults which deepened the central 
sector of the rift. The graben floor was shattered ~y 
closely spaced minor faults which in some cases reach 
densi tie·s of 2 to 3 faults per km (Baker and Wohlenberg, 
1971). Deepening of the rift valley and formation of 
stepfaults at its margins were produced by movement along 
these minor faults. The overall effect was to produce 
"rift in rift" struct.urP.s with marginal platforms. 
13. 
In the northern and southern ends of the rift valley 
there was intensive fracturing of the crust. In these 
regions, systems of splay faults formed with dominantly 
eastward dip-slip displacement of the blocks. 
By the late Quaternary, from about 0.7 my ago to 
the present, fissure eruptions had stopped and wide-
spread area of volcanity on the rif~ floor disintegrated 
into seperate areas of central volcanoes. Trachyte, basalt-
trachyte and phonotite caldera volcanoes built up axially 
in the floor of the inner graben. The chemistry of the 
vo~canics of the rift floor diversified. In areas well 
to the east of the rift there were extensive basaltic 
eruptions (Williams, 1969). Hence the eastward migration 
of magmr.tic activity, started in the upper Pliocene -
lower Pleistocene continued into this period. 
1.5 Petrochemistry 
Basalts, phonolites and trachytes are prominent 
amongst Gregory rift volcanics. Basalts have been 
erupted repeatedly throughout the history of the Gregory 
rift and in total volume has been estimated at not less 
than 70,000 km 3 0\Tilliams, 197.2). The total volume of 
the Cenozoic volcanics is about 230,000 km3 (King, 1978) 
which is higher than the previous estimates of about 
150,000 km3 (Baker et al., 1972; Williams, 1972) 0 The 
thickness of the volcanics is estimated at about 2.5 km. 
The volcanics of the Gregory rift can be divided 
into two geochemical series, one midly alkaline and the 
other stron~ly alkaline (Baker et al. 1972; King, 1978) 0 
In the early stages of the rift developmentv from early 
Miocene to early Pliocene (about 25-5 my ago) r the 
proportion of strongly alkaline rocks was 30-40% of the 
total volume of outflows. In the later stagesr from 
early Pliocene to the present, the proportion of strongly 
alkaline rocks decreased to about 1% (Logatchev et al.r 
1983). Kenya basalts contain less Si0 2 and more CaO-MgO-
FeO than Ethiopian basalts and this suggests a deeper 
origin for the Kenya rift basalts (Baker et al., 1972). 
The Miocene pre-rift flood basalts and the Quaternary 
flood basalts outside the rifts are more strongly 
alkaline than the Pliocene basalts of the rift floor. 
This suggests, as in Ethiopia, shallower melting under 
the rift than under the adjacent plateaux (Green and 
Ringwood, 196 9) . 
Goles (1975) reached a similar conclusion from 
studies of Kenya basalts. He studied two suites of 
basalt, one from the Chyulu range, about 300 km to the 
south east of the culmination of the Kenya dome and the 
other from Olorgesailie, '~ithin the southern part of the 
rift. The Chyulu suite seems to have been derived from 
magma which equilibrated at a temperature of 1450°C and 
pressures substantially less than 25 kbar (about 80 km 
depth) . The Olorgesailie suite being more evolved and 
having equilibrated at shallower depth (1200°C and 3-10 
kbar pressures), is thought to be derived from a 
secondary magma chamber located within the crust. A 
series of such secondary magma chambers along the rift 
axis would give rise to the positive Bouguer anomaly 
15. 
observed by Searle (1970). 
Baker et al. (1972) from available geological data 
argue that ''volcanism and tectonism are dual expressions 
of thermal events in the asthenosphere, along an up-
lifted zone of crustal dilatation." The geothermal 
gradient is lower under the eastern rift than under the 
mid ocean ridge. Consequently a greater depth of melt-
ing under the eastern rift compared with the oceanic 
spreading zones is indicated by abundance of strongly 
alkaline volcanism (Green and Ringwood, 1969). Further-
more, the long duration of alkaline magnatism is nbt con-
sistent with the view that the African rifts simply 
represent embryonic stages of sea floor spreading (Murray, 
19709 Le Bas 9 197l)o But contrary views are widely heldo 
1.6 Summary. 
Formation of the Gregory rift started in the early 
Miocene. Volcanic activity was not in general restricted 
to the confines of the rift valley. Volcanic activity 
developed in the west in the Miocene and to the east in 
the Plio-Pleistocene to recent times. Within the rift, 
volcanism commenced in the north and extended to the south 
in the Pliocene (King, 1978). 
The downwarping trough was largely or wholly filled 
with products of episodes of volcanism and sedimentation. 
Throws on the main faults range up to 4 km. Faulting has 
produced a graben about 80 km wide in places and about 450 
km in length to the north and south of which the faults 
splay outwards over much broader zones. 
16. 
King (1978) infers the presence of basement rocks 
beneath the volcanics in all parts of the Gregory rifto 
This suggestion is supported by other geological and 
geophysical data (Chapman et alo 9 19789 Swain et ala~ 
1981)o He therefore argues that although there is a 
possible crustal extension of about 8 km 9 there is no 
evidence for crustal seperationa Current centres of 
activity are along the rift axis and to the easto 
lo 7 Rel~vant previous Geopgy.§ical Work in Africao· 
la7ol Africa Outside the Rift Zoneo 
Geophysical data indicate that 9 away from the rift 
zone~ Africa has a structure similar to that found in 
stable shield areaso 
Gumper and Pomeroy (1970) measured Rayleigh wave 
phase velocities in the period range 30 to 67s for paths 
from Helwan in Egypt to South Africao They also deter-
mined Rayleigh and Love wave group velocities for the 
African continent utilizing all available data from 
WWSSN and LGO stationso These authors observed a 
similarity between their phase velocities and those 
obtained for the Canadian sheild by Brune and Dorman(l963)o 
Gumper and Pomeroy (1970) also obtained travel 
time data for paths traversing the African continent in 
the distance range 100 to 4700 kmQ A velocity of 8 .. 07 
krn/s was found for Pn while Sn velocity varied from 4o55 
to 4o 72 km/so 
The mean structural model (AFRIC model) satisfying 
their seismic velocities was derived and compared with 
models for shield and continental regions (fig .. · 1 .. 4-) o' 
This comparison indicated that the structure .for par·t;s 
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of Africa away from the rift zone is similar to the 
structure associated with normal stable shield regions 
exemplified by the CANSO model of Brune and Dorman (1963). 
Bloch et al (1969) determined Rayleigh wave phas~ 
velocities (in the period range 20-100s) from an array of 
stations located near Johannesburg, South Africa, and from 
WWSSN stations at Pretoria, Bulawayo and Windhoek. Multi-
mode Rayleigh and Love wave group velocities from the 
records of a number of earthquakes originating near Kariba 
dam and in southern Malawi were also measured. The group 
velocities extended from the period range 2-40s for the 
fundamental mode and 2-12s for the higher modes. 
The multimode dispersion data indicated that the 
crustal and upper mantle velocities to the east of a line 
through Pretoria and Bulawayo are higher than those to 
the west. The phase velocity and group velocity curves 
for the path Kariba-Pretoria were found to be similar to 
those for shield areas. The phase velocities -obtained for 
the array area confirmed the high subcrustal shear velo-
cities previously determined for southern Africa from 
refraction studies (Willmore et al, 1952; Gane et al., 
1956; Hales and Sacks, 1959). The model derived from the 
data of Block et al, (1969) for South Africa matched closely 
the CANSO and AF~IC models. These models are illustrated 
in figure 1.4. 
Details of crustal structure for southern Africa 
come from the refraction studies of Willmore et al, (1952), 
Gane et aL (1956) and Hales and Sac~s (1959). Willmore 
et al• ( 195 2) stud ted seismograms of the Wi twaterstrand 
earth tremors at distances up to 500 km in Western Transvaal. 
19. 
These tremors ')rigi.nated at depths between 1 and 2. 5 km. 
Travel time data on 210 seismograms obtained from 150 
tremors recorded on three component sets were interpreted 
in terms of a single Jayer crust with crustal and Moho 
velocities of 6.09 (3.68) and 8.27 (4.83) for P and (S) 
waves (fig. 1.5a). The depth to the Moho was estimated 
at 36 km. 
These authors observed '~lear second P phases" in 
the distance range 200 to 290 km. ThesE: Phases were too 
early to be regarded as P . They could be headwaves g 
from an intermediate layer within the crust. The data 
interpreted in terms of a two layer crust gave a mode]_ 
shown in figure 1.5b. This gives an average depth of about 
39 km tc: the Moho and about 23 km-to the too of the lower 
cru~tal layer. But tecause of possible uncertainty in the 
identification of the second P and S ohases the authors 
did not ~ush forward this two-layer model. They preferred 
an alternative intE:roretatioh of the data in terms of a 
single layer crust in which velocity increased uniformly 
with dePth. 
Gcme et al. ( 19 55 ) used seismograms from the \-Ii twater-
srand area around Johannesburg out to epicentral distances 
between 50 and 500 km at 25 km intervals. Tremors were 
of magnitude not exceeding 3.5 and have normal focal depth 
of 1.5 km. T1averses were made west, south, east and north 
of Johannesburg. 
Their data were consistent with one layer crustal 
model in which t:he dePth to Moho is 3 5. 1 + 1. 2 for Pwaves and 
3 3. 3+1. 3 km for EWaves (fig. 1. 5c ) . Crustal and Moho veloci tie: 
were obtained as 6.18 and S.27 kms- 1 for Pwaves and 3.66 
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and 4.73 kms- 1 for S waves. No significant differences 
were observed in the results for different directions. 
The depth estimates include 1.3 km of superficial material 
of lower density. 
These authors observed "rare occurrences of weak P 
and S phases" preceding the normal P and S beyond 180 km. g 
Those phases could suggest the existence of an intermediate 
crustal layer as indicated above. The authors, however, 
interpreted them in terms of an increase in velocity with 
depth within a single layer crust. A relation of the form 
o( = 6.00 + O.Ollz 
p = 3.60 + 0.007z 
was suggested. o{ and ~ represent.P and S velocities 
respectively and z represents depth below the surface. 
Because of insufficient data, this model was not advocated. 
Tremors from the same source area as discussed above 
were recorded along a route in East Transvaal (Hales and 
Sacks, 1959). On the resulting seismograms, the authors 
found P and S phases which they interpreted as associated 
with an intermediate crustal layer. They therefore inter-
preted the travel time data in terms of a two-layer crustal 
model as.shown in figure l.Sd. The layer thicknesses were 
derived from P-wave data. 
Bott (1971) suggests that the P and S phases which 
these authors associated with an intermediate crustal layer 
may well be Moho reflections because of their high amplitude. 
It is evident, however, that reflection from the intermediate 
layer could have more energy than Moho reflections if the 
lower crust is thin compared with the upper crust (Clowes 
and othe1s , 1968, Berry and West, 1966). And that 
may well be cnse with the data under discussion. The 
model velocities and thicknesses (35-40 km) are typical 
of normal continental crust in shield areas. 
From seismic data, therefore, it is evident that 
Africa away from the rift zone has a crust and an upper 
mantle structure typical of stable shield regions. 
1.7.2 Evidence For Existence of Anomalous Upper Mantle Beneath 
the Rift Zone. 
Evidence from geophysical data confirm the existence 
of anomalously low density and low velocity material in 
the upper mantle part of the East African ?lateau. 
Available data further show that this anomalous zone 
rises closest to the surface beneath the Gregory rift 
tn Kenya. This implies extreme thinning of the lithos-
phere under the rift. 
The first evidence for the upper mantle anomaly 
comes from gravity data. Bullard (1936) carried out 
large scale gravity survey in East Africa using data 
from pendulum measurements. He interpreted 56 of his 
own measurements and 33 measurements made by Kohls-
chutter in 1899 and 1900. From these, he observed 
broad negative anomalies over the East African plateau 
and established that the plateau as a whole is appro-
ximately isostatically compensated. This was inter-
preted (Bott, 1965) as requiring a low density body 
at th9 base of the crust or within the upper mantle. 
Later and more refined gravity data have shown that 
this anomaly is associated with low density upper 
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mantle. 
Since the work of Bullard, the East African rift 
zone has been covered wj t~l more and better refined 
gravity surveys. Long Bouguerpro=ilAs across the East 
African nlateau show that the uplifted region is 
characterized by broad negative anomaly values as low 
as -150 mgal with still more negative values over the 
rifts. Over the axial part of the Gregory rift, there 
is a small amplitude (40-50 mgls) shorter wavelength 
(40-80 km) positive anomaly superposed on the long 
wavelength anomaly (Searle, 1970). This axial positive 
ridge will be discussed in a later section. 
All the different workers interpret the long wave-
length negative Bouguer anomaly to indicate the presence 
of an anomalously low density material in the upper part 
of the upper mantle. But details of shape and thickness 
of models differ. Sowerbutts (1969) interprets it as 
due to the presence of a broad subcrustal lens of low 
density upper mantle or basal crust under the plateau. 
According to Girdler et al (1969), it is caused by a 
slightly lower density asthenosphere expanding to higher 
levels and engulfing part of the lithosphere. Darra-
cott et al, (1972) interpret it as due to a low density 
asthenolith. The existence of low density upper mantle 
beneath the rift zone is also clearly supported by 
gravity data of KhRn and Man~field (1971) and Baker and 
Wohlenberg (1971). The various ·models describing this 
upper mantle low density m~terial are shown in figure 1.6. 
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The existence of anomalously low density material 
in the upper part of the upoer mantle suggested by 
gravity data is supoorted by various other geophysical 
data. Surface wave dispersion data indicate the 
existence of anomalously low velocity upper mantle 
under the rift zone. The material of low density 
should exhibit low seismic velocity since reduction 
in density may arise from higher than normal temperatures. 
Sundaralingham (1971) and Long et a~ (1972) studied 
the dispersion of Rayleigh waves travelling between 
permanent stations of Addis Ababa (AAE) , Nairobi (NAI) , 
Lwiro (~WI) and Bulawayo (BUL}. They measured inter-
station phase velocities for events close to great 
circle paths through these stations. Their dispersion 
curves were then compared with the dispersion curve for 
AFRIC model of Gumper and Pomeroy (1970). The two curves 
tend to merge at shorter periods indicating some uniform-
ity of the crust over Africa as a whole. Compared with 
the AFRIC model, there is a significant reduction in 
phase velocity at longer periods indicating anomalously 
low upper mantle velocities under the rift zone. They 
observed that this anomalous zone is well developed for 
the oath AAE-NAI (which traverse.Sthe rift zone) and 
less extensive along other paths. The main anomaly, 
therefore, extends along the eastern branch of the rift 
system and is much less extensive beneath the western 
rift. 
Knopoff and Schlue (1972) measured fundamental 
mode Rayleigh wav~ phase velocities from four telesoisms 
sufficiently close to the great circle path between the 
26. 
recording statio~AAE and NAI in the period range 
20-125s. The observed Rayleigh wave phase velocities 
for the path AAE-NAI which samples the rift structure 
were comparable to those obtained for paths in the 
Basin and ~ange province of the U.S.~. In comparison 1 
the Canadian shield profile of Brune and Dorman (1963) 
gives extraordinarily high velocities. The data of 
Knopoff and Schlue (1972) indicate that the upper 
mantle sampled along the path AAE-NAI has an extensive 
region of material with unusually low S-wave velocity. 
A region of perhaps 120 to 200 km in thickness has an 
S velocity between 4.25 and 4.45 kms-1 with little or 
n 
no variation in gradient. Mueller and Bonjer (1973) 
have also used surface wave dispersion data to infer 
the existence of a well developed low velocity zone 
for S waves (asthenosphere) in the upper mantle in the 
deeth range 80 to 210 km beneath the rift zone. 
Studies of teleseismic P-wave delay times have 
shown that stations close to the rift indicate large 
positive delays compared with delays observed at 
stations sitting on normal shield structure. This 
suggests that arrivals at rift stations have passed 
through a low velocity zone on their path. Sundara-
lingham (1971) measured teleseismic delays at AAE, NAI 
and LWI relative to Bulawayo (BUL) using events in the 
distance range 25° to ·go 0 . The relative delays are as 
shown below. 
Locality 
AAE 
NAI 
LWI 
Eastern rift station mean 
Delay (s) 
2.7+0.3 
2.3+0.3 
1.1+0.3 
2.5+0.3 
27 0 
These delays have been interpreted to indicate the existence 
of a substantial low velocity zone in the upper mantle beneath 
the eastern rift in comparison to the typical shield structure 
beneath Bulawayo. 
Analysis of teleseismic events recorded along a 600 km 
long profile across the East African rift (Kenya) show delays 
greater_ than 1. 5·s centred on the rift which indicates a low 
velocity zone beneath the crust (Dahlheim et al., 1986). The 
delay pattern was explained as due to the upwarp of the 
asthenosphere/lithosphere boundary. 
Savage (1979) and Savage and Long (1985) interpreted tele-
seismic P-wave delay times measured across the Gregory Rift near 
the equator and along a south eastern radius of the Kenya dome. 
The observed variation in delay time shows a broad zone over 
which there is substantial delay with a superimposed minimum 
along the ridge axis. This observation could only be explained 
by the presence of anomalously low velocity material within the 
uppermantle. The top surface of the anomalous zone comes to 
within 20 km of the surface along the rift axis. The data 
suggest the anomalous zone extends some 270 km south eastwards 
from the culmination of the dome. In general the zone thins 
rapidly to the south east away from the rift axis, mirroring 
the attenuation observed, from Kaptagat, for the same zone to 
the northwest by Long and Backhouse (1976). There is, however, 
a subsidiary thicknening under mount Kilimanjaro. A seismic 
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model of the axial intrusion is shown in figure 1.7. 
, Gumper and Pomeroy (1970) studied the propagation of Sn body 
waves and Lg along paths within Africa. They found that Sn is 
observed over all paths less than 3000 km in length that do not 
cross either the African rift zone or the Red Sea rift. Sn and 
Lg propagate across the southern part of the East African rift 
zone below about 10°S~ but their propagation across the northern 
part above the equator is inhibited. If Sn propagation is in-
efficient~ then a high attenuation or low Q material exists 
(Oliver and Isaacks» 1967). The indication then is that at 
least the northern part of eastern rift zone is underlain by 
abnormally hot» less rigid upper mantle or that there is an upward 
protrustion of the asthenosphere into the more rigid lithosphere 
above (Molnar and Oliver» 1969). Upward protrustion of this high 
attenuation (low Q) mantle material has sproduced what Gumper and 
Pomeroy call a "gap" in the mantle portion of the lithosphere 
which closes towards the southern part of the rift zone. Nolet 
and Mueller (1982) do not agree with this interpretation of the 
observed Sn and Lg attenuation. These authors adduced some 
evidence to show that the only conclusion that may be drawn from 
Lg attenuation is that there is a gap in the crust. They also 
argued that Sn attenuation can be affected when not just the 
lithosphere (the upper 100 km or so), but a considerable portion 
of the upper mantle is disturbed. 
Nolet and Mueller (1982) used simultaneous inversion of 
previously existing seismic data to obtain models for the 
western and eastern branches of the East African rift system in 
the latitude range 1°S to 10°N. These authors showed that the 
western branch is characterized by a 35 km crust and a thin 
high velocity lid over lying a channel possessing both low S and 
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low P velocities (4.47 and 7.69 km/s respectively). A strong reflector 
at a, depth of 140 km marks the lower boundary to the low velocity 
material. Their data suggest that the eastern branch has a crustal 
thickness of 40 km and is characterized by low S velocities9 4.43 km/s 
in the lid to a depth of 78 km9 4.09-4.21 km/s in a low velocity 
channel which extends to a depth of at least 161 km. 
Geomagnetic deep sounding data provide evidence for 
anomalous upper mantle material under the Gregory rift. 
Banks and Ottey (1974) tried to define the anomalous material by its 
expected high conductivity. They investigated the response of 
short period variations in the .earth's magnetic field using arrays 
of magnetometers. They found a region of high conductivity about 
20 km beneath the rift floor and another at approximately 100 km 
to the east and at a depth of 100 km. Their model was however 
heavily dependent on previous gravity and seismic data and 
can hardly be said to offer independent evidence. But this 
interpretation has been confirmed by subsequent geomagnetic deep 
sounding data (Banks and Beamish 9 1979). The deep body of high 
conductivity at a depth of about 100 km appears to correspond to the 
core of zone of melting in the upper mantle. This zone is 
responsible for the seismic and regional gravity anomalies and 
supports a part of the topographic elevation of the Kenya dome. 
The magnetotelluric data of Rooney and Hutton (1977) 
provided the first independent evidence for the existence 
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of high conductivities at depths corresponding to the 
upper mantle below the Gregory rift. Their data required 
the presence of a conductive material at a depth of less 
than 8 km below the rift floor. To satisfy their long 
period data, a conductive material was also required at 
depths greater than 30 km, corresponding unambiguously 
to the upper mantle below the rift. The depth and 
thickness of this upper mantle conductor could not be 
resolved because of the obscuring effect of the crustal 
conductor. 
The interpretation of slowness data provide another 
evidence for the presence of upper mantle low velocity 
zone beneath the Gregory rift. Array data recorded at 
the temporary station at Kaptagat have been used to 
study apparent slowness of teleseismic arrivals. 
Measured values of slowness differed significantly from 
the values expected from published epicentral deter-
minations and travel time tables. 
Backhouse (1972) interpreted the slowness anomalies 
in terms of a westerly thinning, plane sided wedge of 
-1 
anomalous low velocity (7.5 kms ) material embedded 
within normal 8·1 kms- 1 material. Forth (1975) reached 
the same general conclusion but showed that the data 
could be better explained if a curved surface was 
introduced for the top of the anomalous zone while 
assuming a flat base. 
Long and Backhouse (1976) interpreted slowness 
and delay-time data for teleseismic P-wave arrivals 
recorded at Kaptagat. They used apparent slowness 
vectors.for 29 well recorded events in the distance 
0 0 
range 30 -90 . Measurements of P~wave delay times at 
Kaptagat relative to Bulawayo were made for 78 events 
. h d' t 25°-99°. 1n t e 1s ance range Average positive delay 
of 2.4s was observed. This value was not significantly 
different from the values obtained for Nairobi and Addis 
Ababa relative to Bulawayo. 
The authors explained the slowness anomalies in terms 
of lateral variation in velocity associated with a steeply 
dipping upper surface for the low velocity zone in the 
upper mantle. This upper surface of the zone was mapped 
(fig. 1.8) from the delay-time data to show a broad 
elliposoidal structure (lying. at about 150 km depth) 
on which is superimposed a steep sided structure con-
necting it to the crustal intrusion along the rift 
axis. Fig. 1.9 represents a two dimensional model 
along a west-east profile assuming a uniform velocity 
of 7.3 km/s for the anomalous zone. 
The authors showed that the zone thinned not only 
westwards away from the rift axis but also northwards 
to correspond to the dying out of the rift in northern 
Kenya. But they did not see any evidence to suggest 
that the zone is not continuous with the low velocity 
zone below Ethiopia indicated by large delay time at 
Addis Ababa. From the data, it is suggested that the 
centre of the structure corresponds to the centre of 
the uplift of the Kenya dome. This indicates that the 
uplift reflects the thickness of the low velocity zone 
in the upper mantle. 
Thus geophysical data confirm the existence of 
anomalously low velocity and low density upper mantle 
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beneath the East African rift zone. This anomalous 
material could result from partial melting in the 
normal upper mantle. The expansion resulting from 
this would give rise to upward migration of the low 
density upper mantle material with the attendant 
increase in temperatures. Surface manifestations of 
this will be seen in the localised increase in heat 
flow (Crane and O'connel, 1983; Morgan, 1983) and 
magmatic and seismic activity in the rift zone. 
Extension of this anomalous mantle material up into 
the crust will obviously produce positive contrasts 
in both density and velocity. These are all evidenced 
in the structure of crust under the rift inferred from 
geophysical data. 
1.7.3 Crustal structure close to but outside the Gregory Rift. 
The structure of the crust in the central part of 
the Gregory rift has been found to be anomalous. It is 
manifested by high seismic velocities and signi-
ficantly positive density contrast. But this anomalous 
crust has a limited lateral extent. Normal shield crust 
is found to exist in close proximity to the rift 
structure to the western and eastern flanks and also in 
the southern extremity of the Gregory rift. These 
conclusions are indicated by the following seismic data. 
Bonjer et al (1970) analysed seismograms of two 
deep focus teleseismic Hindu Kush earthquakes recorded 
at Lwiro (LWI) on the western flank of the western rift, 
Nairobi (NAI) close to the eastern margin of the Gregory 
35 0 
Rift and Addis Ababa (AAE)o From these seismograms 
they determined {;he spectral response ratios of long 
period body waveso From inversion of these data they 
produced thick two layer crustal models with horizontal 
interfaces~ crustal thicknesses of 39~ 43 and 35 km 
were obtained for AAE~ NAI and LWI respectively (figo 
lolO)o The observed average velocities and thicknesses 
are typical of shield areaso These crustal models for 
AAE~ NAI and Lftll are further confirmed by similar data 
obtained by Mueller and Bonjer (l973)o 
A further confirmation of the crustal thickness 
in this region is obtained from data on P to S conversiono 
Long period teleseismic P waves recorded at AAE and NAI 
show comparable P to S (Ps) conversions (Herbert and 
Langston~ l985)o The timing of the Ps conversion relative 
to P suggests crustal thickness of 41 km for both stationso 
Rykounov et ala (1972) showed that the crust in the 
southern part of the Gregory rift is near to typical 
for continentso They studied this part of the rift 
using P and S wave travel time data from· local earth= 
que.k0 s in the magnitude range 1 ~ M S 3 o The region 
of study was from Lake Magadi in Kenya to mount Hanang 
in Tanzaniao They showed that within the part of the 
Gregory rift contained in their survey area, the most 
probable focal depth was 10-20 km although their method 
of derl.ving focal depths was not 9 howeverg statedo· 
They derived a two layer cr)IJstal model (fig~· lolO) 
for their region of studyo The P wave velocities for the. 
upper crust'i lower crust and Moho were 5 .. 8, 6o5 and 8.,0 
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-1 krns respectively. ~he ~oho dept~ was 35-37 ~m and 
the npnt'l tn the :i_ntermediate lay~r ,,,Et_s ahout 1.8 ':!Tl. 
c·he.-::e r"'SU 1 ts -::o!Unar.~ 'J~ll. I·.Ti ":h th9 ref~Et.ction data 
Maguire and Long (1976) measured apparent 
velocities and azimuths of first arrivals from local 
and regional earthquakes recorded at Kaptagat array 
station located about 15 krn west of Elgeyo escarpment. 
Data from arrivals corning from the west of the array 
e o (azimuth 160-360 ) were consistent with a two-layer 
crustal model. An intermediate boundary in the crust 
+ at a depth of 26 - 7 krn was introduced to explain the 
-1 6.5 krns peak in the histogram of first arrival apparent 
velocities. A crustal thickness of 44 ± 2 krn was con-
sistent with the data. Their preferred model shown in 
fig. 1.10 has upper crustal and sub-Mohovelocities of 
-1 5.8 and 8.0 krns respectively. 
This structure is similar to those obtained for 
southern part of the Gregory rift (Rykounov et al.,l972) 
and for Southern Africa (GQ!ne et aL, 1956; Willmore et 
al., 1952; Hales and Sachs, 1959}. The conclusion to 
be drawn from this work is that normal shield type crust 
with normal sub-Moho material exists at least up to 
within 30 km of the rift axis on the immediate western 
flank of the Gregory rift. The implication, therefore, 
is that a steep structural boundary seperates normal 
shield crust and sub-Moho material beneath the western 
flank of the rift from a mantle derived crustal intrusion 
beneath the rift axis. 
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1.7.4 The structure of the lithosphere within the Gregory Rift. 
Geophysical data discussed above confirm that the 
crust within the Gregory rift differs significantly from 
the normal shield crust outside the rift zone. 
Over the axial part of the Gregory rift there is 
observed a positive ridge of short '"'i'l.v.eJ.~nqt.h ( 40-80 km) 
Bouguer anomaly of low amplitude (30-60 mgal) superposed 
on the long wavelenth Bouguer negative anomaly (Searle, 
1970). Quaternary volcanoes and &egments of increased 
geothermal activity are confined to this axial anomaly. 
This positive anomaly is interpreted by several workers 
in terms of a dense mantle derived basaltic crustal in-
trusion probably continuous with the low density upper-
mantle material associated with the long wavelength 
anomaly. 
Estimates of the depth to the top surface of this 
crustal intrusion vary from 2 km (Searle, 1970) through 
3.5 km (Fairhead 1976) to 20 km (Khan and Mansfield, 
1971). The width within the crust is estimated at between 
10 km (Baker and Wohlenberg, 1971; Fairhead, 1976; Darra-
cott et al., 1972) and 20 km (Searle, 1970). 
Griffiths et al. ( 19 71) used explo.sion (refraction) 
data t0 determine the structure of the crust beneath the 
axial zone of the northern part of the Gregory rift. 
Disposition of the shot.' points and seismometer positions 
are shown in fiq. 1.11a~ Shots were let off in Lakes Turk~na 
and Hannington and recorded at ten stations set up roughly 
along a line joining the shot points. Each station con-
sisted of eight 2Hz vertical component seismometers laid 
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Fig·1·11d:.Locations of the seismic lines used in the refraction 
studies of Griffiths et al-(1971) and Swain etai-(1981)·Gro~nd 
above 1500m s.hown shaded· From Swain et al-.(1981) · 
P wave velocity 
km/s 
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Fig-1·11 b: Seismic model of the crust beneath northern part 
of the Gregory rift (Griffiths et al· J 1971). 
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out in a linear N-S array extendin~ over 1 km and including a three 
component set near the centre pointo The maximum range was about 
367 lana 
The profiles were 9 however 9 effectively unreversed because the 
Turkana shot was recorded clearly at all stations except station 
number lo Interpretation was based on first P and the correspond-
ing S arrivalso A head \'lave with a velocity o.f 6a4 k:m/s was 
7 =1 0 recorded from shots in Lake Hannington 9 whereas a5 kms veloc1.ty 
was recorded using shots in Lake Turkana in a similar distance rangea 
This may suggest strong lateral heterogeneity but was inconsistent 
with large dips on·the main refractor interfacea The data was 
consequently interpreted in terms of a horizontal layer of material 
of velocity 6o4 lons-l overlying a material of 7o5 lans-l velocity at 
a depth of about 20 km (figo lallb)o These were unreversed velocity 
estimateso 
The apparently high velocity of 6a4 km/s for crustal material 
at depths above 20 km suggests the presence of an axial crustal 
intrusion of higher velocity basaltic magma rising to shallow depthso 
Such intrusion model is consistent with gravity data discussed aboveo 
Swain et alo(l981) analysed the data from a 50 km E-W reversed 
refraction (explosion) profile from Chebloch Gorge (C) to Lake 
Baringo (B) at the latitude of Kaptagat (figo lolla)o1 This 
experiment was designed to confirm the presence.of the 6o4 km/s 
material and if possible establish its lateral extent and to provide 
control for the interpretation of the gravity data along the same 
profile a 
The seismic data (first arrivals) were interpreted in terms of 
two/three layer model (figa lal2a)a The top layer of P wave velocity 
3o7 km/s is about 3 km thick and represents lavas and sedimentsa· 
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This layer overlies a layer of velocity about 5.8 km/s which 
represents the metamorphic basement and is observed throughout 
the profile. The seismic data, therefore, suggests that that 
metamorphic basement rocks exist below the full width of the 
rift floor at 0.5°N. This is in agreement with geological data 
(King, 1978; Chapman et al., 1978). 
The 6.4 km/s refractor of Griffiths et al. (1971) was not, 
however, detected by the first arrival data, used by Swain et 
al. (1981). Such a body at a depth of more than about 6 km 
would not·give rise to refracted first arrivals along this 
short line (about 50 km long). The 6.4 km/s refractor, if it 
exists, must therefore be deeper than about 6 kmo 
Although the 6o4 km/s refractor was not detected by their 
0 
seismic experiment, their gravity profile at about OoS N 
suggests that such material may exist as an intrusion within 
the basement in the form of either a broad region of dykes or 
an elongated lopolith with the later being favoured (fig. 1.12b). 
The configuration of this dense rock responsible for the axial 
high gravity anomalies seem to form a broad (20-35 km} zone with= 
in the basement, with strike along the rift axis, and of limited 
vertical extent (4-6 km) . It has its top surface at a depth of 
about 6 km for the profile at about 0 0 5°N. For the profile at 
1°N the body shallows and the minimum depth to its surface is 
probably the base of the Caenozoic rocks at 3 km depth. 
Khan et alo (1987) have derived a velocity model for the 
lithosphere beneath the axis of the southern part of the 
Gregory rift from KRISP 85 data. Their experiment consisted 
of two seismic refraction lines (fig. 1.12c) 0 The 300 km long 
north-south line was located along the rift axis with end shot 
points at Lakes Baringo and Magadi. These and other inter-
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mediate shots were recorded by 42 three component recording 
stations at 3.5 km intervals between Chepkererat and Susua. 
Across the rift an E-W line was completed with end shots at 
Ewaso Ngiro (EWA) and Makuyu (MAK) with recording stations at 
1.25 km intervals. Interpretation was based only on the axial 
N-S line because the data from the E-W line were of poor record 
quality. The explosion program was also followed by three 
earthquake recording experiments. 
Analysis of phases observed up to a few tens of kilo-
metres from the shots on the N-S line and previous experiments 
show that the rift infill has velocities ranging from 1.4 to 
4.6 knis and thicknesses ranging from 2 km (beneath Lake Baringo 
and Susua) to 6 km (beneath Lake Naivasha). From phases identi~ 
fied as P , the authors established that the uppermost basement g 
dips south from Lake Elmenteita to Lake Naivasha. Basement 
velocity increases from about 6. 1 k.II.V' s at the top of the basement 
to about 6.25 krrVs at 10 km depth. 
The authors observed four correlatable phases three of 
which they identified as reflections. These phases were combined 
with others mentioned abo~e to deri~e the model shown in fig • 
. l.l2d. The model suggests crustal_thinning away from the culmi~ 
nation of the Kenya dome where a 7.6 km(s layer at about 35 km 
depth is overlain by a 10 km thick lens including anomalous velo-
city (6. 6 k:.nY s) material regarded as the base of the crust. 
The results suggest that the compensation of the Kenya 
topographic dome is due, at least in part, to crustal thickening. 
The basement velocities (about 6.1 krrVs at the top} appear too 
low to be associated with the dense axial intrusion within the 
crust usually associated with the superposed axial positive 
Bouguer gravity anomaly. However, 6 .1 kn;Y s co'uld represent 
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intrusive material, since lower basement velocities (about 5.8 
km/s) have been measured off the rift axis (Swain et al.v 1981; 
Maguire and Long, 1976) and velocity increases with depth, 
possibly indicative of multiple dyke injection from below. 
The results of this study also suggest significant variations 
in crustal structure both across and along the rift axis. 
Maguire and Long (1976) analysed first arrival data from 
local and regional earthquakes recorded at Kaptagat. The 
eastern events (0°-160° azimu·th) fell into two groups. The 
first group were those with P-S times greater than about 15s 
which originate from the rift at long distances (about 180 km) 
to the north and south. Apparent velocities for events in this 
-1 group fall in the range 6.8 to 7.6 kms • No attempt was made 
to interpret them as they may not have sampled the rift structure .. 
The other group includes events with P-S times less than 
15 s which originate from the rift immediately to the east of 
Kaptagat. Events in this group were used to study the rift 
structure. These events could be divided into two satistically 
seperate groups with velocities of 7.9 + 0.3 and 7.1 + 0.3 kms-1 
appearing at similar azimuths and P-S times. The authors offered 
-1 
no explanation for the 7.9 kms group. 
They explained the 7.1 kms- 1 arrivals as headwaves from a 
shallow and nearly horizontal boundary. This interpretation 
immediately implies the foci must be near the surface for this 
group. -1 They argued that the 7.5 kms velocity observed by 
Griffiths and others could be due to a dip, towards the north, 
-1 
of the 7.1 kms refractor whose true velocity 
-1 -1 7.5 kms and probably greater than 7.1 kms 0 
must be less than 
The 7 o 1 kms - 1 
material may exist beneath the 6.4 kms-~ material of Griffiths 
et al. (1971) 0 
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s~vase (1979) and Savage and Long (1985) measured vertical 
delay times fo~ teleseismic events recorded at stations on the 
Gregory rift close to the equator. Significantly smaller delay 
times were observed at the centre of the rift than at the edges. 
This dip in del~y times runs along a line coincident with the rift 
axis and corresponding to the positive gravity anomaly. This was 
shown to indicate that the anomalously low velocity and low 
density zone within the upper mantle penetrates the crust to form 
an intrustion of relatively high velocity material along the rift 
axis. 
The derivation of a structural model to fit their delay time 
data was based on certain reasonable assumptions. Their model 
assumes that a uniform crustal structure exists, both to the east 
and west of the rift as derived from Kaptagat dat~ (Maguire and 
Long, 1976). A P-wave velocity for the anomalous zone at crustal 
depths was assumed as 7.5 krrls as recorded by Griffiths et al.(l971). 
This data was then satisfactorily interpreted in terms of a 
model with a high velocity axial intrusion into the crust (fig. 
1.13). The width of this intrusion at the normal base of the 
crust was estimated as about 30 km while the ~epth to its top 
surface was estimated to be about 20 km. The delay time data 
thus establishes, independently, the existence (suggested mainly 
by gravity data) of the low density, low velocity material in 
the upper mantle beneath the Kenya dome and the intrusion of this 
material to crustal levels. 
The delay time minimum is associated with a localized region 
of topmost crust some 20 km deep and 20 km across, suggestive of 
a magma chamber (Long, 1986). ~urther evidence indicate that 
this chamber is probably being fed by a hot column of material 
. 
arising from sub-lithospheric depths. 
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Teleseismic data are unlikely to give a unique and detailed 
geometry/size of the top surface of the intrusion at shallow 
crustal levels. Hence the depth to and the lateral extent of 
the top surface of this intrusion need to be determined more 
accurately by more suitable methods. 
The existence of normal shiedl type crust in close proximity 
to anomalous rift structure implies the existence of a sharp 
boundary between the two structures. In. this study attempts will 
be made to define the western limit of the rift crust/lithosphere. 
Velocity depth profile for the lithosphere beneath the Gregory 
rift at about 0.5°N latitude will also be derived. 
1.8 Theories of the rift formation. 
The Cainozoic continental rift zones are associated with a 
number of common observed characteristic features. These features 
include higher than normal heat flow, large amplitude long wave-
length negative Bouguer anomaly with a superposed positive low 
amplitude high along the rift axis, delayed·teleseismic body wave 
travel times, seismic and volcanic activity with various depths 
of magma source. The crust/lithosphere in these rift zones is 
uplifted, thinned, domed and extended. These observations have 
been interpreted in terms of the existence o;f hot low density 
and low velocity material in the upper mantle. This material 
which is probably less dense than the mantle part of the lithos-
phere shallows beneath the rift zone resulting in thinning of the 
lithosphere. Isostatic equilibrium is maintained by crustal up-
lift and doming. Some of these geophysical data are discussed below. 
Morgan (1983) analysed heatflow data from the Cainozoic con-
tinental rifts: Baikal, East Africa~ Rhine and Rio Rande = Most 
of the data indicate h~gher than normal heat flow with means of 
about 70~125 mW/m- 2 restricted to the volcanic areas of the 
grabens in the rift systems. In the Gregory rift 1 a high mean 
-2 heatflow of 105 mW/m was observed in a zone (on the rift floor) 
dominated by volcanics while on the eastern and western rift 
~2 
shoulders, normal heat flow values of 39 and 57 mW/m respect-
ively were observed. This is consistent with data from geothermal 
mapping along the Gregory rift which indicate that an average of 
11-30 MW"km of heat is advectively emitted along the rift (Crane 
and O'Connell, 1983). The bulk of the advected heat is lost 
through the central part of the Kenya dome on the rift floor. 
Local graben heat flow anomalies are thought to be primarily 
due to convection of heat through the lithosphere of the rift 
zones by ascending magmas. 
Conductive zones have been detected in the lower crust and 
upper mantle beneath the Gregory rift by magnetotelluric and 
geomagnetic deep sounding data {Banks and Ottey, 1974; Rooney 
and Hutton, 1977; Banks and Beamish, 1979). Similar conductive 
zones have been observed in the Baikal, Rhine graben and Rio 
Grande rift zones {Jiracek et al., 1983). The intra crustal 
conductive zones are generally interpreted in terms of high 
temperatures and partial melt at crustal levels although Jiracek 
ef al. (J983) argue that there can be alternative sources for a 
similar electrical anomaly observed in the Rio Grande rift. 
The upper mantle electrical anomally is associated with the low 
density low velocity material indicated, by gravity and seismic 
data, to exist in the upper part of the upper mantle beneath 
the Gregory rift. 
Regional Bouguer anomalies of 100-200 mgal (Gregory rift), 
160 mgal (_Rio Grande rift~, 20-30 mgal {Baikal rift) and + 10 
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mgal (Rhine graben) have been reported (Neugebauer, 1983). 
These regional anomalies are associated with low density upper 
mantle. Superposed on the longwavelength regionals are shorter 
wavelength highs that may be related to magmatic intrusion in 
the crust (Baker and Wohlenberg, 19711 Searle, 19701 Banks and 
Swain, 1978). 
Olsen (:1983) has reviewed available seismic data ,from these 
rift zones; thinned crust and anomalously low compressional wave 
velocities in the upper mantle, generally interpreted as evidence 
of asthenospheric upwelling, are indicated by the seismic data 
in the rift zones studied. 
The rift zones are also all associated with domal uplifts 
of the order of 1 to 2 km with diametres of a few hundred kilo-
meters or more and with crustal extension. In the Gregory rift, 
geological evidence suggests that uplift began to grow- in the 
Miocene before the development of the rift (Logatchev et aL, 
1983} . This would suggest that here uplift may be cause ot 
rifting. Crustal extension relative to the initial width of 
the graben zones have been estimated as about 25-35 km for the 
Kenya rift, 32 km for the Rio Grande rift, about 10 km for the 
Baikal rift and not more than 5 km for the Rhine graben 
(Neugebauer, 19B3). The extension correlates with thinned crust 
and anomalous upper mantle indicated by the presence of low 
density and low velocity material beneath the rifts. 
All these continental rifts exhibit pre rift and late ri,ft 
volcanism. Crustal extension and total volume of volcanism 
appear to be proportional for example the total volume of 
volcanics is 20 times greater in Kenya rift zone than in the 
Baikal rift zone (Logatchev et al.,l983). In the Gregory rift, 
the maximum volumes of magma erupted during the pre-
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and late rift periods. 
These common features observed in the Cainozoic 
continental rifts suggest that one common mechanism 
of continental rifting may prevail. This common 
mechanism may be modified by the volcanic-tectonic 
activity in the plate induced by boundary conditions 
prevailing on the plate. Any acceptable mechanism 
for the rift formation must therefore be able to 
explain these observed features. The Gregory rift 
is the best example of a continental rift and a 
mechanism for its formation may be modified to apply 
to other continental rifts. 
Current mechanisms proposed for continental 
rift formation generally fall into two classes: 
active and passiveJ (Seng~i an~ Burke, 1978). In 
active rifts extension and subsequent break up of the 
lithosphere result from convective upwelling of the 
asthenosphere due to gravitational instability. The 
asthenospheric upwellings thin the lithosphere causing 
isostatic uplift and lithospheric failure (Neugebauer, 
1978). For active rifts,doming probably precedes/ 
causes rifting (Crough, 1983; Mareschal, ~983) although 
(Baker et al~~9?~) 
this view is not generally acceptedC Kenya r1£t is 
generally held to be active (Girdler et al., 1969; 
Fairhead, 1976; Logatchev et al., 1983). Passive 
mechanism for continental rifting generally relate 
the tensional failure of the lithosphere to pre-
existing tensional stresses, which are perhaps a 
consequence of large-scale plate interactions. 
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In this case the lithosphere is stretched and the 
asthenosphere plays a passive role (Keen, 1985). 
Hot less dense asthenospheric rocks rise passively 
through the colder and more dense mantle part of 
the lithosphere to the vicinity of the Moho and may 
displace crustal rocks. Uplift is caused by lateral 
spread of these diapiric rocks near the Moho (Turcotte 
and Emerman, 1983). 
The sources of lithospheric stress have been 
reviewed by Bott and Kusznir (1984). Two main cate-
gories of lithospheric stress are suggested : the 
renewable and non-renewable. The renewable stresses 
are those that persist, as a result of continued 
presence or re-application of the causative boundary 
or body forces, even though the strain energy is 
being progressively dissipated. Important examples 
include plate boundary forces (Forsyth and Uyeda, 
1975 ; Solomon et al., 1975) and isostatic effects 
associated with anomausly uplifted areas such as 
deeply eroded mountain chains or high plateaus 
(Artyushkov, 1973; Turcotte and Oxburgh, 1976; Batt 
and Mithen, 1981). The non-renewable stresses are 
those that can be dissipated by release of strain 
energy initially present- these include bending 
stresses, thermal stresses and membrane stresses 
generated in a moving lithospheric plate in response 
to non-sphericity of the earth (Turcotte and Oxburgh, 
1973; Freeth, 1980). 
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An important phenomenon that can generate large 
stresses at shallow depths is the stress amplification 
caused by lithospheric creep (Batt and Kusnir, 1984}. 
This causes externally applied stress to be con-
centrated in the upper lithosphere as a consequence 
of creep and stress decay in the lower lithosphere. 
This stress amplification is applicable to renewable 
stresses and is most pronounced in regions of very 
high geothermal gradients; in these regions the 
stress can be amplified to levels sufficient to 
fracture the whole brittle-elastic part of the 
lithosphere. For the stress caused by isostatically 
compensated surface loads, the effect of stress 
am~lification is most conspicous if the isostatic 
compensation is deep seated, that is, in the upper 
mantle (as in East Africa). Bott and Kusznir (1979) 
showed that the continental lithosphere of a plateau 
uplift region of 2 km elevation (as in East Africa) 
modelled in terms of an upper elastic layer 10 km 
thick above a visco-elastic lower crust and upper 
mantle, can give rise to stress differences of about 
200 Mpa in the elastic layer at the top of the crust. 
This is sufficient to rupture the lithosphere. 
In both active and passive models for rift 
formation, three basic mechanisms have been suggested 
for lithospheric thinning,and riftingo These are 
thermal thinning, mechanical thinning (or lithospheric 
stretching) and .-'~c;thenospheric diapirism. In thermal 
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thinning the lithosphere is static~ but material is removed from 
the base of the lithosphere by heating~ conversion to asthenosphere 
and removal in an asthenosphere convection systemo In mechanical 
thinning or lithospheric stretching~ the lithosphere material 
moves laterally in response to a regional extensional stress 
field 9 and the asthenosphere rises passively to fill the void 
created by the thinning lithosphereo I~ asthenospheric diapirism 9 
the asthenosphere penetrates the lithosphere driven by the 
gravitational instability of the 
a more dense mantle lithosphere 9 
· lithosphere and asthentOSphereo 
less dense asthenosphere under 
flov:J 
and thenAoccurs in both the 
All current theories of rift 
formation involve these mechanisms in varying degreeso Some of 
these proposed theories are now discussedo 
McKenzie et alo (19?0). applied the concept of sea floor 
spreading and plate tectonics to explain the formation of the 
Eastern rifto In this treatment~ the Red Sea~ the Gulf of Aden 
and the Eastern rifts are considered as three limbs meeting at a 
triple junction at Afaro These three axes separate the Afro-
Arabian region into the Nubian~ Somalian and Arabian plateso· 
The relative motion between the plates on each side of the 
eastern rift can be obtained from the opening of the Red Sea and 
Gulf of Aden spreading axeso If the motions between the Arabian 
and Somalian and the Arabian and Nubian plates can be determined~ 
the motion between Somalian and Nubian plates may be calculated 
from the postulates of plate tectonicso 
Laughton (1966) used the strikes of transform faults in the 
Gulf of Aden to determine the motion between the Arabian and 
Somalian plateso He obtained a pole at 26o5°N and 2lo5°E with a 
rotation angle of ?o6°o This result was consistent with geological 
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evidence 9 seismicity data, fault plane solution for earthquakes 
(Sykes and Lnndimnnn~ l9G'I-) nnd. mnr';net:Lc lineations in the Gulf 
of Adeno 
From the fitting of the coastlines on both sides of the Red 
Sea, McKenzie et alo (1970) obtained a pole of rotation for the 
Arabian and Nubian plates at 36o5°N, 18°Eo This is supported by 
the fault plane solul:;ion oJ' earthquakes located in the Red Seao· 
Combining the poles of opening and rotation angles for the 
Red Sea and Gulf of Aden 9 a pole and an angle of rotation between 
Nubian and Somalian plntes were obtainedo The resulting pole is 
at Bo5°S 9 3lo0°E with the rotation angle of lo9°o This implies 
that the openine; that has taken place on the Eastern rift varies 
from 65 km in northern Ethiopia to 30 km in Kenyao 
But geological dc:rta will allow only bet\"'een 5 and 25 km of 
crustal extension in the central sector of the Gregory rift but 
not more than about 3 km at its extremeties (Baker and Wohlenberg 9 
1971)o The rift formation is therefore difficult to explain in 
terms of the concept of plate tectonics in the simple form 
suggested aboveo 
The concept of crustal (lithospheric) plate motion over 
mantle hot spots has been advanced by Wilson (1963) to explain the 
origin of the Hawaiian and other island arc chains., Morgan (1971) 
suggests that the mantle plumes or hot spots could also explain 
the formation of continental rifts and their transformation into 
ocean basinso He :Lnfers that there are about 20 deep mantle 
plumes bringing heat and relatively primordial material up to the 
asthenosphereo Horizontal currents in the asthenosphere flow 
radially away from each of these plumeso The currents produce 
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stresses on the bottoms of the lithospheric plateso These 
stresses combine with st;rcsses c;enerated by plate to plate inter-
actions to provide the energy and direction for plate motiono 
It is argued that a line of hot spots could produce currents in 
the aesthenosphere in snch a way as to cause continental break:upo 
Burke and vlilson (1976) suggest that the Eastern rift may 
have formed as a result of the African continent coming to rest 
over a number of hot spotso The clome (eogo the Kenya or the 
Ethiopian dome) that swells up over each hot spot is subsequently 
subject to fracturing which has characteristic three-arm patterno 
Two successful arms on the Ethiopian dome (ioeo the Red Sea and 
the Gulf of Aden) opened up to form an ocean basino The third 
arm (striking south into Ethiopia from Afar triangle) remains a 
dry fissure on the continental land masso 
Could this·hypothcsis lJe applied to the Kenya dome? The 
Gregory rift v1ith its swine; in direction at about the equator may 
represent the possible prospective successful .two armso· The 
Kavirondo rift may then represent the third (failed) armo· 
Opinions on this view are di videdo \'!bile some workers regard 
the Gregory rift as markine; the initiation of an episode of 
crustal spreading, some ecological data (King,.l978) suggest 
that the rift is at the closing staGes of its evolution. Model 
calculations shov..r that the continental litho sphere can be thinned 
to the base of the crust by mantle plumes in 50-75 million years .. 
The long length of time required appears to rule out this lithos~ 
pheric erosion mechanism as a viable mechanism for lithospheric 
. . 
thinning and rift~ng ('l'urcotte and .Emerman, 1983; Oxburgh·., 1978)., 
Although "the plUiile theory is not viable on its own, it may serve 
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as energy source for some models requiring heat inputo 
Membrane tectonic::: theory has been suc;r;ested as an explanat-
ion for the formation of the rift. system in East Africa (Turcotte 
and Oxburgh~ 1973 9 19?@~ Turcotte .. 1974·9 Oxburgh 9 1978)o\ Accord= 
ing to this theory 9 the radii of curvature of a plate change as 
the plate changes latitudeo This change of curvature enables the 
plate to accommodate its shape to the change in curvature of the 
geoid between the equator and the poleso It has been shown that 
a plate moving towards the equator should have. its margins in 
compression and its central part in tension9 for motions away 
from the equator the tensional and compressional zones are reversedo 
Oxburgh and Turcotte (1974) applied this theory to explain 
the formation of the Eastern :Rifto From palaeomagnetic evidence 
they infer that Africa started moving northwards since about 100 
. .. 
million years (my) aco at a constant rate of about Oo25°/myo 
The African plate is of a size roue;hly 90° by 90°o The 
tensile stress in the centre of a circular plate of that size 
moving northw-ards towards the equator is of the same order as 
the strength of the plate and should be sufficient to rupture 
the plate .. · It is~ therefore 'il are;ued that the East African Rift 
System was produced by membrane stresses in the lithosphere, 
developed in response to the rapid latitude change experienced 
by East Africa during the late Cretaceous and Tertiary., 
This theory seemecl capable of explaining most major features 
associated with the Gree;ory :Rifto The East African Rift system 
seems to have develope(l in the central part of a plate moving 
towards the equatoro Accordine; to the membrane theory'i the 
central part is the· rer;ion of tension.. Accordine;ly·;· the crack 
(rifting) and accompanyinc; volcanism will migrate southwards, 
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which is consistent 1.'li th obsorvationo The nature and finite 
extent of the extension o.re alco explainedo But the exl:;ension 
across the Red Sea and the Gulf of Aden is too much to be 
explained by the membrane.tectonic theoryo Perhaps membrane 
stresses may have slarted the initial fractures whose later 
developments were controlled by other processeso 
Gass (1970 9 1972) explains the formation of the Eastern 
Rift in terms of unusually high temperatures in the upper mantleo 
He argues that doming 9 rifting and magmatism are expressions of 
well localised thermal disturbance in the upper mantleo; This 
disturbance is perhaps produced by Elder~>s (1966) lithothermal 
systems involvine; both heat and mass transfero 
Heat from risine; lithothermal systems aided by the blancket-
ing effect of radiogenic heat would cause partial melting in the 
upper mantle and therefore make magma availableo Thermal 
gradient is incr~ased necessitating the downtvard movement of the 
main phase boundaries in the mantleo The lowering o.f phase 
boundaries \vould result in an increase in volume because the low 
temperature 9 highpressure minerals would revert to their less 
dense high temperature equivalentso The increase in volume would 
then be relieved by vertical uplift of the overlying crust and 
upper mantle (eogo Kenya dome) consistent \'lith isostatic equili-
brium (Bullard, 1936)o 
The continental crust (or better the lithosphere) is 
consequently fracture~ to relieve tensile stresso Lines o.f 
structural vJeakness thus created facilitate further .faulting 
and magmatic activityo Gass shoHs that the zone of partial 
melting extends hiGheJ:> nearer the surface \IIi th time and crustal 
separation result.s from injection of mae;rna which later solidifies., 
Using field petrochemical data, he shows that the 
chemistry of products of volcanic activity depends on the 
depth and temperature and pressure conditions in which the 
parent magma was formed. The deeper the magma source, the 
farther away the stage is from crustal seperation and format-
ion of ocean floor. 
The uplift stage is preceded and accompanied by eruption 
of alka]j_ basalts. This is perhaps close to the present 
stage in the Gregory rift zone. In zones of crustal atten-
uatJ.on_where the continent ir:: extremely thiL but still present, 
the volcanism is of intermediate type.that l~ads on fractionat-
ion to peralkaline differentiates. Perhaps the Ethiopian rift 
typifies this stage. Where the seperation of the crust has 
taken place, new ocean floor of tholeiitic basalt is formed 
as in t!!.e Red Sea and Gulf of Aden although spreading in the 
Gulf is at a more advanced stage. 
The lithospheric stretching mechanism first suggested 
for the formation of sedimentary basins (McKenzie, 1978) has 
been subsequently applied to graben formation. This involves 
uniform stretching of a section of the continental lithos-
phere resulting in the thinning of the lithosphere including 
the continental crust. Hot asthenospheric material -we.lls up 
.beneath the thinned lithosphere. The heating and thinning 
of the mantle part of the lithosphere causes isostatic up-
. lift, but this is outwei~hed by the subsidence caused by 
thinning cif the continental crust. unless the lithosphere 
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is unrealistically thick. This mechanism, in its present 
form, is not considered as a viable mechanism because of 
lack of obvious evidence for intense crustal stretching and 
is also rejected on the basis of geothermal arguments (Bott 
and Mithen, 1983; Neugebauer, 1983). 
Vening Meinesz (see Beiskanem and Vening Meinesz, 1958) 
has shown how tensional stress within the crust can lead to 
the formation of a graben. .He assumed that the continental 
crust can be treated as an elastic layer floating on a 
denser fluid substratum formed by the underlying topmost 
mantle. The first stage is the formation of a planar normal 
fault (with hade in the range 50°-70°) in response to the 
crustal tension. The down-bending of the crust on the down-
throw side produces a supplementary tension which initiates 
the formation of a second normal fault at the position of 
maximum bending, calculated to be at about 65 km distance 
from the first fault. If the second fault also dips inwards, 
then a downward narrowing wedge of crust subsides isostati-
cally between the faults as adjacent parts of the crust bend 
upwards to form rim uplifts. The isostatic principle is not 
violated since the central block narrows downwards and has 
to sink farther before its weight is supported by hydrostatic 
upthrust (figo loll~a)o 
The Vening Meinesz hypothesis predicts a small crustal 
root beneath the graben, produced by the wedge subsidence. 
This is not borne out by obs~rvations, which suggest that 
the Moho certainly is not depressed and may even shallow 
beneath rift systems. 
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The classical Vening Meinesz hypothesis has been extended 
to apply to subsidence of a wed~e of brittle upper crust 
(rather than the crust as a whole), with outflow of ductile 
material occuring in the lower crust (Batt, 1976, 1981; Batt 
and Mithen, 1983). This modified wedge subsidence hypothesis 
is based on the loss of gravitational energy as the wedge of 
brittle upper crust subsides with bordering rim uplifts in 
. 
response to deviatoric tension. Fig. 1.14billustrates 
the process. The underlying part of the lithosphere can 
deform by creep so that outflow can occur in the lower crust 
in response to the wedge subsidence. The existence of a 
ductile zone within the crust of the rift zones is supported 
by heat flow and geomagnetic deep sounding data and by 
seismicity studies. The brittle-ductile transition is 
estimated at about 15-25 km depth within the crust. Batt 
and Mithen (1983) estimate that for continental rifts, a 
deviatoric stress of the order of 100-200 MPa (1-2 Kbar) 
is required if subsidence of the order of 5 km (with sediment 
loading) is to be explained for a graben about 40 km wide. 
During rift development, therefore, this stress must 
be developed within the upper crust either as intraplate 
stress related to plate boundary forces, or as a result of 
lateral density contrast within the plate. 
Plate boundary forces appear to be inapplicable to the 
present day situation in East Africa because ocean ridges 
developing ridge push force occur on both sides of the 
African plate. It has been shown that the required stress 
difference of the order of 100-200 MPa (1-2 Kbar) can develop 
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in the upper elastic part of the crust in regions such as 
East Africa in response to a 2 km plateau uplift isostatically 
supported by a low density region in the upper mantle caused 
by thinning and heating of the lithosphere (Bott and Kusznir, 
1979; Bott, 19811 Neugebauer and Temme, 19811 Crough, 1983). 
The isostatic loading effect thus seems to be the most viable 
explanation of tension and rifting in the present day up 
arched rift regions such as East Africa. But as has been 
pointed by Bott (1981), it does not necessarily imply that 
doming must precede the main stages of rifting. 
It is clear that the rift formation can not be fully 
explained by one of the mechanisms discussed above. The 
rift formation is probably a·result of interplay between 
individual mechanisms, the contributions from a particular 
mechanism being a. function of time. 
In summary~ doming and.rifting processes in East Africa 
are probably caused by magma upwelling from the underlying 
mantle (hot spot) impinging at the base of the lithosphere 
(Bott~ 198l)o Possible stages in the rift development as 
suggested by Bott (1981) are shown in fige lel5e 
In the first stage (a)~ hot spot forms below the 
continental lithosphere by upwelling from deeper parts of 
the mantleo In the second stage (b) 9 the continental 
lithosphere becomes thinned 9 with consequent isostatic 
uplift and development of tensile stress system in the 
upper cru.sto In the third stage (c) 9 graben formation 
starts when the tensile stresses become significan·l;ly largee 
(a) 
(b) 
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Fig·1·15: Stages 1n the dev(?lopment of a domed and rifted 
structure: la) Hot spotforrns helow the continental lithosphere 
by upwelling from the deeper parts of the rnuntle- (b) The contin~ 
ental lithosphere becomes heated and thinned, with consequent 
isostatic uplift nnd cleveloprnent at tensile strGC..s system in the uppc: 
crust· (c) Graben fonnution sturts when the tensile stresses become 
sufficiently large- (From Batt, 1981). ·-
Strong support for this active mechanism for the 
formation of the Eastern H:Lft comes from theoretical and 
experimental studieso From theoretical studies-u 
Neue;ebauer (1983) explained continental rift formation in 
terms of mantle diapirs resulting initially from inverted 
density t-Tithin the lithosphere/asthenosphere systemo The 
resulting instability culminates in the thinning and 
doming of the l:LI;hosphere and the elastic deformation of 
the upper crustal layers<> \'Jendlandt and Morgan (1982) 
studied dated igneous rocks within the .Kenya dome from 
\'lhich they showed that the depth of origin of the source 
magma ·for rocks within the Gregory rift decreased from 
about 170 km (about LH my ar;o) to crustal levels (about 
5 my ago) o 
The mechanism suggested by Batt (1981) is broadly 
similar to the mechanisms suge;ested by Gass (1970 9' 1972) 
and Gass et alo (1978L Rifts form at the crest of domes~· 
Eventually 9 the continent may split along a line of 
connectine; rift arms of several domeso 
2.1 Introduction. 
CHAPTER 2 
DATA COLLECTION 
66. 
Data for the present study were recorded at the cross-
linear array station which was installed at Kaptagat (in 
Northern Kenya) by the University of Durham. It was 
operated continuously from late 1968 to June 1972. The 
array was set up to supply data for the study of local 
seismicity and the structure of the crust and upper mantle 
in East Africa. 
2.2 Geolo~y of Kaptagat Area. 
Kaptagat station (fig.1.2 ) at an elevation of about 
2390 m was located on the Uasin Gishu plateau composed of 
tertiary phonolite lavas which dip gently to the west. 
Below the phonolites the geology .is horizontally layered. 
The Uasin Gishu plateau is an upstanding block defined by 
the following major boundary faults. About 15 km to the 
east of Kapatagat is the Elgeyo escarpment which forms 
the western boundary of the Gregory rift. About 60 km west 
of the array station is the NNW-SSE trending N@ndi fault. 
To the south is the Nyando fault which is the ~9rthern escar-
.pment of the Kavirqndo rift v~l~ey. 
There are two .major lava flows. The lower· flow 
exposed to the west of Kaptagat is sparsely porphyritic. 
The upper flow contains abundant large nepheline and glassy 
.feldspar phenqcrysts. The greater part of the flat land · 
of the plateau is formed by the lower flow. These phono-
lite flows were erupted after the early periods, of major 
tertiary uplift and overflowed from the rift trough onto 
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the plateau. Age is estimated in the range 12-13.5 my. 
(King and Chapman, 1972). The lower flow lies directly 
on Precambrain basement system gneisses in the north 
(Jennings, 1964). The only borehole which pierced the 
phonolite showed a total thickness of 144 m. As this 
is only 15 km southwest of Kaptagat, it is inferred that 
the thickness of the phonolite beneath Kaptagat is 
between 150 and 200 m. 
2.3 Array siting and instrumentation. 
Birtill and Whiteway (1965) discuss the necessary 
conditions to be satisfied before a location can be 
chosen as suitable for siting an array of the type used 
in this study and the optimum spatial distribution of 
the array elements. The location should have low seismic 
noise level; this implies that the station must be.far 
removed from coasts and major industrial centres. The 
geology of the site should be laterally homogeneous and 
horizontally layered. Well consolidated and unweathered 
rocks should be near enough to the surface so that the 
seismometers can be firmly coupled to them with minimum 
drilling costs. The elevation of the stations should 
be as constant as possible with a maximum tolerance of 
no more than + 60 m. The sharpest velocity and azimuth 
response is obtained when the array aperture has 
dimensions co~parable to the longest .wavelength of the 
signal of interest. Spacing between adjacent seismo-
meters ~hould be small to ensure sign~l coherence but 
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large enough to decorrelate noise across the array. 
Kaptagat satisfies most of these conditions. The 
array dimension (about 5 km) makes it suitable for the 
study of local and some regional events. In the present 
study, dominant frequency of selected events is about 
4 to 5 hz; measured apparent surface velocity for the 
-1 p wave is in the range 5.6 to 8.0 kms . The longest 
apparent wavelengths are therefore about 2 km; the 
array dimension is, therefore, about 2~ times the 
longest apparent wavelength. Very sharp velocity and 
azimuth resolution should thus be achieved. 
Ka~tagat is about 600 km from the nearest coast 
(the East African coast); hence microseismic noise is 
low, about 7 m~. To ensure efficient ground coupling, 
the seismometers were placed in solid phonolite out-
crops which cover the entire area. Sites were surveyed 
to an accuracy of + 30 m and differences in height were 
less than about 100 m. The site coordinates relative 
to the crossover point are shown on table 2.1. 
Kap~agat was a small aperture cross-linear array.· 
It consisted of ten Willmore Mark II short period seismo-
meters set vertically to 2s period and arranged in an 
inverted 'L' shaped form (fig.2.~.). The arms of the array 
run approximately east-west (yellow line) and north-south 
(red line). The inter seismometer ·spacing on each arm 
was about 1 km and the total .. length (dimension) of each 
arm was about 5 km. 
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Table 2.1 
Seismometer site coordinates and altitudes 
Pit X(km) Y(km) Estimated Altitude 
error(km) (m) 
R1 -0.098 -0.766 +0.010 +10 
-
R2 -0.114 -1.425 +0.020 +20 
-
R3 -0.365 -3.077 +0.010 +30 
-
R4 -0.663 -3.736 +0.030 +10 
-
Rs -0.925 -5.200 +0.010 +30 
-
y 
-0.446 0.166 +0.001 0 1 -
y2 -1.888 0.003 +0.015 -30 
-
y3 -2.645 0.025 +0.030 -50 
-
y4 -3.720 -0.013 +0.010 -50 
-
Ys -4.750 -0.250 +0.060 -70 
-
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The recording equipment used is similar to that described 
by Long (1968). Within each seismometer package the output 
from the seismometer was amplified and then frequency modulated. 
The frequency modulated signals from the ten seismometers were 
communicated to a central recording station by twin field 
telephone cables. These signals and a signal from a long period 
instrument were recorded onto one inch fourteen track analogue 
magnetic tape. 15 . The speed of the tape was 160 inch per second. 
A binary time code giving the day, hour, minute and second 
was generated by a quartz crystal clock and recorded on one 
track of the tape. Another track of the tape was used to record 
standard time signal from radio (Greenwich Mean Time) . This 
·was used to calibrate the local clock when radio reception was 
good enough. 
To check that the seismometer lines were functioning and 
to give amplitude information, calibration pulses were generated 
in the seismometer package by a remote calibration unit that was 
triggered by a pulse sent down the line from the central record-
ing station. Power for the whole array system was taken from 
a set of twelve 6 volt accumulators at the central recQrding 
station. Power (d.c.) was fed to the seismometer packages down 
the same twin telephone cables that also carried the frequency 
modulated seismic signals. Direct current was transmitted to 
simplify the seperation of signal and power. Each magnetic 
tape recorded for about eleven days. 
Play back facilities were available at Kaptagat central 
recording statidn for preliminary picking and listing of events. 
But Lhe main playback facilities and seismic data processing 
laboratory are housed in Durham. 
3.1 Seismic Arrays. 
CHAP'-rER. 3D 
VELOCITY FILTERING 
72. 
A seismic array is considered.here as a s~cial deployment 
of seismometers at three or more sites on the earth's surface. 
The spacial extent (or aperture) may va~y.from one kilometre 
to hundreds of kilometres. The array is characterized b~ · 
uniform instrumentation and a common time base. For small 
and medium aperture arrays, outputs from all seismometers are 
communicated through amplifiers and filters to a central 
control·point and recorded on a multichannel analogue or 
digital magnetic tape as an ensemble. Beneath such arrays, 
it is assumed that the geology is uniform. Then provided that 
the distance to the source is large compared to the dimensions 
of the array, the signal of interest is assumed to be coherent 
across the sensors while noise is random or incoherent. The 
degree to which these assumptions are satisfied depends on 
inter-seismometer spacing, the nature of the noise prevailing. 
in the locality and the degree of crustal homogeneity. 
Furthermore if the signal source is at a large enough distance 
from the array, the wave front can be assumed to be plane. 
Data from·seismic arrays are subsequently machine pro-
cessed to achieve a number of objectives. By introducing time 
delays to compensate for the signal propagation time across 
the array and summing the coherent outputs from each seismometer, 
an improvement in signal-to noise ratio (SNR) of arriving 
signals is obtained. Time delays required to bring the si~hals 
into phase provide a direct estimate of the azimuth and apparent 
velocity (or slowness) of the signal. Signals, from different 
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events, which nn-ii'(' i1l- .1n inst-rument superimposed can be 
seoerated in time if they cross the array with different 
apparent velocities and/or azimths. Seismic array data are 
also used for the study of seismic noise structure (Lacoss 
et al., 1969). 
The earliest l1est known seismic arrays are the medium 
aperture crossed linear arrays which have been operated since 
early 1960s and which have since then been used for global 
seismology studies. The arrays sponsored by the United 
Kingdom Atomic Energy 1\uthority (UJ{AEA) are operated in 
collaboration with the relevant scientific authorities of 
the countries in which they were established. They were 
installed in Eskc1n.J~mv.-Lr (EIU\) , Scotland; Yellowknife (YKA) , 
Canada; Gauribidanur (Gl3l\), India; rr.Jarramunga (WAA), 
Australia; and Brazilia, Brazil. These medium aperture 
linear cross arrays were designed primarily for the recording 
and analysis of teleseismic events (ranges > 25°) . These 
were 21 element arrays in which the elements were arranged 
in two orthogonal c1~osscd lines (usually identified as the 
red and blue lines) each of ten short period vertical com-
ponent ~eismometers and using apertures up to 25 km (Carpenter, 
1965). 
The interseismometer spacing of about 2.5 km was found, 
from empirical experience, to be small enough for teleseismic 
signal coherence but large enough to decorrelate noise across 
the array (Lacoss, 1975). With this condition, an achieve-
ment of /n in SNH VI<ls e~imcc1 e~t from delay and sum processing 
(Birtill and WhiteWi1y, 1965). 
14. 
Results achieved by.the use of medium aperture seismic 
arrays were sufficiently promising to suggest that substantial 
further improvements in SNR and identification might be 
expected from an even larger array having more than an order 
of magnitude greater number (n) of seismometers. Such a 
large aperture seismic array (LASA) was sponsored by the U.S. 
government and installed in Eastern Montana in 1965. The 
location chosen for this array was sparsely populated, 
relatively uniform geologically and remote from oceans. 
A description of the geometry of LASA at about the time 
of its installation is given by Mack (1969) and Forbes et al. 
(1965). LASA consists of 21 subarrays or clusters in the 
configuration sho\'111 i.n fig. 3.1 and deployed over an aperture 
of about 200 km. The subarrays are considered to be located 
on 5 non circular rings labelled B, C, D, E and F with a 
central subarray labelled A . Each ring has four subarrays so 
0 
that each subarray is identified by a letter and a number. 
A subarray consists of 25 short period (SP) vertical seismometers 
arranged in six radial arms and has an overall diameter of 
about 7 km. This aperture was chosen to allow suppression of 
surface wave modes of velocity lower than about 3.5 km/s and 
frequencies above 0.2 hz. The seismometers in each subarray 
were placed at the bottom of deep cased and cemented boreholes 
(about 152 m for the central hole and about 61 m for the other 
holes); this had the effect of further suppressing noise at 
higher frequencies. 
At the centre of each of the 21 subarrays is a set of 
three component set of long period (LP) instruments. The 
LP instruments respond to frequencies in the range of about 
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0.01 to 0.20 hz. On the whole, therefore, LASA consists of 
525 SP instruments and 21 ·three component LP sets. 
In a concrete vault near the centre of each subarray, 
a subarray electronics module multiplexes and digitizes the 
25 seismometer outputs into a single bit stream which is 
then transmitted to the LASA data centre. At the data centre 
the bit streams from the 21 subarrays· are combined, computer 
processed and the results displayed or transmitted to remote 
locations for further processing. 
Most processing techniques for array data assume that 
the signal does not change within the area of the array or that 
it changes in a predictable manner. In the case of LASA this 
assumption is not valid for the array as a whole because of 
the large aperture involved. 
The subarrays are of the right size to reject surface 
wave noise propagating at relatively low speeds. The short 
period data at each sub-array is processed as an ensemble to 
remove this surface wave noise leaving body wave noise coming 
across the array with much higher velocities. A second stage 
of processing would be to combine the processed outputs from 
the different sub-arrays to basically get rid of this body 
wave noise with the aim of maximising improvement in signal-
to-noise ratio. In principle, applic-able processing techni-
ques include beam forming, filter and sum processing and 
frequency-wave nwnber spectral analysis. 
Lacoss (1975) observed that the desired goal of signifi-
cant improvement in signal to noise raiio has not been achieved 
with the short period data because assumptions about noise 
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and signal characteristics are usually not fully satisfied. 
The inter seismometer spacinq (about 0.5 km) within the sub-
array was, for example, not large enough to decorrelate noise. 
Furthermore, crustal heterogeneity results in some loss of 
signal coherence. On the other hand, more significant improve-
ment in SNR has been recorded with the LP data. 
Experience gained from the operation of LASA has been 
utilised in the installation of other large aperture arrays. 
The Norwegian seismic array (NORSAR) installed in 1970 is 
similar to LASA except that there are 22 long period sites 
and subarrays; the aperture is about 100 km. The Alaskan long 
period array (ALPA) has about· the same ·aperture as NORSAR but 
contains 19 LP sets of instruments and no SP instruments. 
3.2 Review of some array processing technisues 
The output of each seismometer in an array is usually 
considered to be a composite waveform made up of the desired 
coherent signal perturbed by coherent·and /or incoherent 
noise. For teleseismic events, the desired signal may be 
taken as the first P-wave arrival whose apparent surface 
velocity increases from about 8 km/s to 24 km/s as the 
distance increases from 2° to 90°; this signal is equally 
likely to come from any azimuth. 
The noise obscuring the signal .include noise generated 
locally by the signal fromP-Rayleigh wave mode conversions 
at the surface near the array (Key, 1967). Also coherent 
and propagating mainly as Rayleigh waves are ocean micro-
seisms and noise from local sources like factories and land 
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vehicular traffic. The surface wave noise mentioned above 
sweep through the array with.apparent surface velocity of 
2.5 to 4.0 km/s. There will also be high velocity coherent 
noise from multiple 'fQ~.fle.ctaons, Rayleigh to p-wave mode 
conversions and other unwanted coherent phases. Incoherent 
noise arise from sources or scatterers within the array area 
including. locally generated wind noise; the instrumental noise 
is also incoherent but the amplitude is usually small comp<tt:rg.d 
with the amplitude of other seismic noise. The signal and 
noise cover different frequency bands, about 2 hz to 20 hz for 
signal and about 0.1 hz to 10 hz for low velocity seismic noise. 
It is, therefore, sometimes useful to do wide band frequency 
filtering of individual seismometer outputs to improve signal/ 
noise ratio prior to the array processing. 
Usually the range of apparent horizontal surface velocity/ 
azimuth covered by the coherent noise is different from that 
covered by the desired signal. Advantage is taken of this 
difference in array processing techniques designed to improve 
signal to noise ratio and confidently measure signal parameters. 
The beam forming concept (Birtill and Whi teway, 1965) .. is 
fundamental to most techniques used for processing cross-
linear array data. In its s.implest form, beam-forming (array 
phasing, azimuth a·nd velocity filtering) involves the summat-
ion of individual seismometer channels after steering delays 
have been inserted to align a group of arrivals with a 
part.icular velocity and azimuth and then taking the mean. 
Consider an array of n seismometers deployed over a 
horizontal surface. The output recorded ·by seismometer, i, 
after the insertion of propagation delays, ti' corres-
pending to the desired signal with anoarent velocity v and 
azimuth 8 is a time series with k sampled time ocints and can be 
ex:rressed as ., 
x .. = s. + n ... +e .. ; i=l .•. n,_j=l ... · .• k 
l] J lJ 1] 
where 
x .. is the ith samole of thE: outout of seismometer i 
l] 
sj is the jth samole of the desired signal, a coherent term 
identical on each trace. 
n .. is the ith sample of the coherent noise at seismomete~ i 
l] 
eij is the ith samnle of the incoherent· noise at seismometer i 
The de~_ay, T j_, ·at seismometEr i relative to the coossover point 
of the array (fig. 3.2) is comcutE:d from 
T. = 
l 
d. ens ( 8 - a . ) 
l l 
v 
(3. 2) 
where d. and a. are the nolar coordinates of the site of seismometer 
l l 
i relative to the origin 2t the crossover point. Becau~e the traces 
have been time shifted hv T., s. which is identic2.l cr. all traces, 
.. l J 
is in phase across the a~ray. 
The beam is then forme~ from the relation 
1 b. = 
n 
f. 
l n i=l 
X .. = s. + ll l 
n 
y; 
i=l 
n .. + 
l] 
n 
I. e .. 
i=l l] 
(;3. 3) 
nii will be out of phase across the array since it is evident 
that the parameters of the desired signal (e,v) are different from 
those of the coherent noise. e. . is assumeB. random so that its. 
l] 
summed outout over all se.ismometers will. 1-Jave a mean close to 
zero. ~he resultant ef~ect is the enhancement of the desired 
signal. component with respect to noise. 
lli beam~forming, it is assume~ that the desired signal is 
r:~rr'ly 
coherent across thE: while no~Lse is ra.ndom. wnere this / 
8 0. 
y 
Fig 3·2: A plane wave front crossing a two dimensional 
array of seismometers· 
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assumption is not valid it becomes necessary to weight the 
channE:ls prior to clo. L.•yinq <end f;umming (Capon et a.l., 1967). 
It is also som8times useful to frequency filter the channels 
before beam-forming. 
Muirhead (1968) suggested the Nth rcot beam forming 
method as a means of suporessing the effect., on the: beam, of 
large. noise impulses recorded on cne or more signal channels 
of the array. This is a non-lim:·ar filtering technique vrhich 
involves delaying the various channels by time lag, Ti, as 
given in equation ~3.2) tc align a group of arrivals with a 
particular velocity and azimuth, taking the Nth root of the 
absolute. value Gf each individual seismometer outout vdth the 
original sign preserved, summing t.hem and then raising the mean 
of the result to tr.e l\.th power; N is, in gr-,neral, any positive 
jnteger (usually 2,4 or 8). J£ we denote the output of the 
i th SE":ismometer after the insertion of delay T. as x. . then 
l :l.J 
the beam r. is given by 
J 
r. = {.!_ 
J n 
n 
L: 
i=l 
l N 
Kanasewich et al. (197 3) conclude, on the basis cf 
analysis of synthetic signals and real data, that the Nth 
(3.4) 
root processing o:f:fers improvement in signal to noise ratio 
( SNR} anci provided better resolut.ion in velocity and azimuth 
than any linear processing method previously tried. The 
method is also much better than linear processing methods at 
handling non-Gausstan noise although at the excense of signal 
distortion (Pam anc1. l'vlereu, 19 7 5; Mui rhec>.d and· Ram, 19 76) • 
~2. 
ThE: delay- sum-correlate te chrcique (Birti 11 and Whiteway 1 
1965; WhitewC~y, J9G:>) is U10 rno!'";t ccrnmonly used method for 
processing the out[•Ut of cross-linec: r arrays o In this 
method, the partial sums ( bei'!ms) , R ;:md B, of thE; red and 
blue lines after phasing are cross multiplied and the ?roduct 
averaged over a moving square time window of fixed length 
containing M sample points. This oroduct is the correlation 
coefficient the s0uare root of which is designated the time 
averaged 9roduct (TAP). Por a fixed length window containing 
M sample points and centred at the jth samole, the TAP, t., 
J 
can be obtained from the relation 
k t~J· = {~ ~ B R ) 2 ( m • m } (3o5.i) 
· m=r 
'-'There R anc. B are the partj al beams formed from the red and 
blue lines respectively; r = j - M/2, k = j + M/2 assuming 
M is E:ven o lf M is odd, the reference samole j may be taken 
at the start of the window and the TAF is then given by 
t. = 
J 
k 
~ 
m=i 
where k = !VI + j ~ 1 . 
~ 
R • B ) } 
m m 
(3.5b) 
Synthetic and real data studies show that the cross-
correlation method gives better resolution in velocity and 
azimuth t:han simple beam forming (Birtill and Whiteway, 
1965; Whiteway, 19€5; Somers and Manchee, 1966). The cross 
correlation or TAP processing method is extremely useful in 
the identification of secondary phases, although it is 
incapable of resolving small differences in the values of 
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apparent velocity and azimuth of such phases (King et al., 1973). 
Cleary et al. (1968) describe a manual technique for measur-
ing relative onset times to 0.01s thus enabling precise deter-
mination of apparent velocity and azimuth. This 'eyeball' 
technique is not only tedious but also does not make full use· 
of the shape of the signal waveform. It is prone to mistakes 
even with noise free records and can lead to erroneous 
results in the presence of interfering signal pulses. 
In the adaptive processing method, precise determination 
of relative arrival times is done automatically. The method 
was originally develope~ by Gangi and Fairborn (1968) and 
subsequently described and evaluated by Farrel (1971), Bungum 
and Husebye (1971), King et al. (1973) and Ram and Mereu (1975). 
In this method, the arrival times of a wavefront at each 
seismometer is accurately determined by cross correlating the 
observed wavelet of interest with the corresponding wave on the 
beam trace. The position of the maximum value of this cross 
correlation function is used as the relative arrival time 
position of the wave. The new arrival times on the array sensors 
are then used to create a new and improved beam and the whole 
operation is repeated in an iterative manner until convergence 
takes place. The values of apparent velocity and azimuth which 
produce a maximum filtered signal are determined as the required 
signal parameters. This technique is now widely used for the 
processing of teleseismic array data. 
Seismic signals recorded at a large seismic array can be 
analysed in terms of energy content of incoming signal as a 
function of azimuth and slowness. If the azimuth is known, 
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the TAP trace can be used to map power as a function simul-
taneously of slowness and time. This is the principle of 
the VESPA, velocity spectral analysis, process (Davies et 
al. (1971). These authors have used real data from LASA to 
show the effectiveness of this method in picking out tele-
seismic signals approaching the station from same azimuth 
but with different phase velocities. Since information on 
time of arrival and dT/dAis availabl~, the method allows for 
confident estimation of the source of ene·rgy. 
3.3 Array response 
3.3.1 Introduction 
Geophysically, crossed linear arrays have been primarily 
used to study the mantle and the core. Such studies have 
used teleseismic events and have concentrated on the 80 urce 
window in the range 30° to 90°. Refinements and innovations 
in processing techniques are aimed at improving accuracy in 
the meas· .urement of signal parameters and consequently 
improving the ability to resolve overlapping phases in the 
presence of noise. Array response measures the ability of 
an array to emphasize the properties of a desired signal at 
the expense of those of random and/or coherent noise. 
Theoretical responses of arrays· of different configurat-
ions are given by Birtill and Whiteway (1965) and Whiteway 
(1965). They considered an array tuned to receive a signal 
from azimuth e1 and sweeping through the array.with apparent 
horizontal surface velocity v 1 and then calculated the· 
normalized response of the array to any other signal (e,v). 
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The general conclusion from these studies is that the accuracy 
of determination of velocity or azimuth depends partly on 
the sharpness of the velocity or azimuth response~ this in 
turn depends upon the dimensions of the array in relation 
to the wavelength of the signal, and to the array configurat-
ion concerned. 
For cross linear arrays and for a single signal component 
with high signal to noise ratio, an error of up to about 
3° in azimuth and 5% in velocity is feasible when the length 
of each line is equal to the signal wavelength. Better 
accuracy can be achieved for larger dimensions of the array 
in relation to the signal wavelength although excessive 
dimensions should be avoided because the coherence of the 
signal across the array may then be degraded. 
In general, for L shaped and symmetrical cross arrays, 
the correlator response is considerably better than the sum· 
squared response and the L shaped array gives a better 
correlator response than the symmetrical cross. With the 
L shaped arra~, the best azimuth discrimination obtained 
from correlator response is at the azimuths ( a1 ) of 45° 
and 225°. At these azimuths the width of the normalized 
azimuth correlator respon~e ai the half level point is 26° 
if the dimensions of the array equal the signal wavelength. 
Birtill and Whiteway (1965) estimate that the error in 
1 
azimuth at these azimuths can.not be greater than "20th of 
this half level response width; i.e. the error in azimuth 
0 in this case is 1.3 . The corresponding error in azimuth 
at the azimuth of 90° is then 1.8°. 
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The best velocity discrimination for an L shaped array 
using correlator response is at the signal azimuth of 135°. 
At this azimuth, ~ 0 th the width3of the correlator velocity 
response which estimates the error .in velocity are 0.14, 
0.16~ 0.18 and 0.21 km/s for signal velocities of 6.0, 7.0, 
8.0 and 9.0 km/s respectively. At 90° azimuth, the errors 
in velocity are 0.20, 0.23, 0.26 and 0.30 km/s for signal 
velocities of 6.0, 7.0, 8.0 and 9.0 km/s respectively. 
King. et al. (1973) argue that for medium .aperture cross 
linear arrays, beilln forming, TAP and VESPA are·limited in 
their ability to resolve small differences in slowness and 
azimuth of partially overlapping phases. They showed that 
the adaptive processing technique has better resolution than 
these methods. 
Experiments with synthetic data recorded at 20 samples 
per second and applied to a medium aperture array (Gauribi-
danur) showed that in the case where no interference and 
noise were present, values of velocity and azimuth of the 
signal computed from adaptive processing differed by no 
more than 0.5% from the correct values (Ram and Mereu, 1975). 
Bett~r results could be produced by increasing the sampling 
rate. 
To illustrate the ability of the array to resolve small 
differences in velocity and azimuth, the authors introduced 
two overlapping wavelets of equal amplitude and duration (3.0s) 
with an apparent azimuth of 200.0° and apparent velocities of 
9.8 km/s and 10.2 km/s respectively across the array; the 
overlapping interval was O.Ss. Three sets of this array 
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record were produced. The first set was clean or noise free; 
the second and the third sets had medium and high seismic 
noise introduced. For the clean, medium and high noise 
records, adaptive processing gave computed azimuths correct 
to within 0.3°, 0.3° and 0.8° respectively of the given 
true azimuth (200.0°). Computed apparent velocities varied 
systematically from one value (9.8 km/s) to the next (10.2km/s). 
The noisier record produced the greater departure of 
measured values of velocity from the correct given values, 
e.g. for the clean record the measured adaptive processed 
velocities had values from 9.76 through 9.88 to 10.11 km/s. 
The same synthetic data were also processed using ~th 
root beam ~arming method at a constant azimuth of 200.0°. 
Values of velocity between 9.5 and 9.6 km/s were obtained 
for the first wavelet (9.8 km/s), and for the second wavelet 
(10.2 km/s) the computed values of velocity were between 
10.1 and 10.2 km/s. 
was found 
Overall, the adaptive processing method l_ more success-
ful than the ·Nth root operation for precise and accurate 
method 
determination of signal parameters. The adaptive processing; 
can resolve differences of 1 to 3° in apparent azimuth of 
interfering signals. The Nth operation, however, is better 
at enhancing signal to noise ratio at the cost of signal 
distortion. 
Figures estimating array performance at resolution.dis-
cussed above relate to theoretical models of signals and 
noise. Experience with medium aperture cross linear arrays 
show that beam forming and TAP processing d0 not qive 
adequate resolution in slowness and azimuth for later phases. 
King et al. ( 19 7 3) shc:wecl that this occurred because the o.per-
ture (up to about 25 km) of such arrays is not large enough 
compared -.:.d th apparent wave length of the incident tEleseismic 
signals. However for Kaptagat the array dimensions are about 
2~ times the apparent wavelength of the recorded local events 
(see section 2.3). Simole beam forming and TAP processing 
are, therefore, considered adequate for apparent velocity 
and azimuth resolution. The present data are processed using 
cross correlation or ~AP processing method~ 
Because of the short ~istances involved, a desired signal 
is often ~erturbed by onsets of other interfering coherent 
and/or random noise. A study of the array response in the 
presence of coherEnt c-.nd incoherent noise is, therefore, 
essent.ial . 
. 3.2. Arrv res~onse in the nresence of coherent noise. 
Consider a plane wavefront crossing a two dimentional array 
of a seismometErs on the x-y plant: (fig. 3. 2) with apparent. 
velocity v, waveJ.encth A from an azimuth 8. Let the rth 
seismometer at point P(x,v} have polar coordinates (d , a ) with 
· r r 
respect to the origin at 0. Betv.'een crossing P and 0 the wave-
front travels a distance d cos (8-a ) . The ohase difference B 
r r r 
between the outputs at P and 0 j_s therefore 
d 
r B = 2n cos(O-a ) 
r A r 
The output of the rth sej_smometer may be represented by a 
vector of amplitude a and angle B • The sums X,Y of the~ 
· r r 
orthogonal comoonents cf the seismometer outputs are 
(3.6) 
n n 
X = [ ar COS ~r' Y = [ ar sin Sr 
r=l r=l 
The amplitude, P.n, of the sum of the outr::ut~ of all n 
seismometers is given by 
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n 
}; a cos 
r 
n 
[ a sin S ) 2 
r r 
( 3. 7) 
r=l r=l 
The ohase angle Yn of A v•ith respect to the output at n 
origin 0 is 
-1 n n 
Yn = tan ( l: a sin Sr)/ ( }; a cos Br) 
r=l r r=l r 
If the outputs of all seismometers are equal (a =a, say), 
r 
we have 
n 
l: 
r=l 
cos 
n 
l: 
r=l 
If, in addition, the sej.smometer outputs are all in phase, 
(3.8) 
(3.9) 
Br = 0 and the resultant summed output has amplitude Bn given 
by 
2 2 
= n a a 
This corresponds to j_nfinite signal wavelen~th and vertical 
incidence. It also corresoonds to a situaticn where the 
array has been correctly tuned to receive a required signal 
by insertion of appropriate steering delays to the various 
channels. The amplituee E (sum squared response) which is 
n 
obtained by normalizing An to unity with resnect to Bn is 
given by 
E2 [1_ 2 
n 
(3 ) 2 
n 
8 )2} 2 = n = { ( l: cos + ( [ sin /n n 2 r=l r r=l r 
B 
n 
(3.10) 
90. 
If the array aperture js D, equation (3.6) can be written as 
d 
B = 2n r 
r D 
where D is introduced as a scaling factor to make the response 
dependent only on arral· configuration and not on array size. 
Hence: from equation (3.10), contoured sumsquared response 1 E, n 
can be obtained in polar fcrm as a function of II A <:md azimuth 
8 • 
For L sGa~ed array, the correlator resnonse gives better 
resolution than the sum squared response (Birtill and Wb.iteway, 
1965). Kapt~gat arrav has the shape of an inverted 'L' with 
the two arms called re~(r) and yellow(y) arms. In the corre-
lation method, the outr:·uts of the red and yellow lines are summed 
(after the insertion of ao?rooriate steering delays) separately 
to oroduce partial beaffis. ~hese two partial beams are then 
cross multiplied. li there are m seismometers on the red arm, 
the number on the vellow arm will be: n-m. 
Assuming thE: out. puts of all seismometers are equal (a. = a, 
l 
say}, then the amplitudes A , ~ of the partial sums are given 
r y 
by 
A =-
r 
A = y 
a 
a 
{ ( ~ cos 
r=1 
{<r:m+1 
cos 
B ) 2 + ( 
IT' 
Br) 2} ~ E sin (3.11} 
r 
r=1 
n Br/} ~ 2 + ( r=ili+1 sin (3.12} sr) 
Hence, the correlator outout A"is given by 
A = A 0 A 
r y 
2 f( ·rzl B 2 = a cos r) l ~ sin B 2} r) 
~ { n 2 ( 2; cos ~r) + 
r=m+1 
\. 
n 
B r) 2} 1,. { E sin '2 
r=m+1 
(3.13} 
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If the cutouts of all seismometers are in ~hase, the corres-
pending resultant output A is given by 
2 A = m(n-m)a (3.14) 
If the SE::ismometers are equally r'l.istributed between the two 
arms, we have m = n/2 and A= n 2l/4. Hence the correlator 
resoonse, 
becomes 
E , normaJ.ized to unity for the j.nphase condition 
n 
4 {( n/2 En= l: 2 r=1 
n 
cos B ) 2 
r 
+ 
sin B 2} ~ 
r) 
l ' ( £ sin Br)2 
r=!!.+1 
. 2 
(3.15) 
From equation (3.15), tt.e correlator response as a function of 
(I/).., e) can be plotted as before in polar form. lh c>.pplicat-
ions of equations 3.10 and 3.15, delays are normally inserted 
so that the inphase condition corresponds to a desired signal 
of apparent velocity v 1 from an azimuth e 1 . The res~onse to 
any other signal ( 0" A, 8) is then required o ~or the signal 
([()..,8) the resultant rhase shift for the rth seismometer 
out out a.t p relative to that at 0 for this condition l.s 
d d D cos (e1-ar) 0 (e-a ) 2'Tf r 0 r cos -
Br -· 2'Tf - r 0 AI 0 A 
d (_12 e- I' (S sin e- 0 sine 1 )sina 2rr r cos e 1 ) + = no r::IS cos a - r A AI r A 
"' d D ( 8 1 -a ) (3o16) 21T r cos = . >..' r 0 
where 0 e I _p cos 8 _J:! 81 (3o17) -:-x cos = cos A A 1 
0 
sin e' D sine I' sin (3.18) - = -
-J A1 e A 1 
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Hence the resultant phase shift :produced corresponds to that 
~hich would be oroduced by a signal of azimuth e' and wave-
length A ' • The vector representing this signal is equal to 
D D 
vectors ();,e) and (J;,e1 ). The 
I 
the difference in the two 
response as a function of (V,G) when the array is tuned to 
(V 1 ,e 1 ) is thus determined by olacing the origin at (~,e +n). "'I I . 
The array response rtoes not change; it is the origin that shifts. 
In the above equations, A and A1 correspond ·to the same 
frequency. Array resoonse is, in general, a function of 
frequency. However, for the local earthquakes recorded at 
Kaptagat, observed signal frequency variation is small. 
Variation of response with frequency is therefore ignored in 
this analysis. 
The data in the nresent. study was analysed using the cross 
correlation processing technique because, as has been discussed 
above, it gives better resolution than sum squared processing. 
The irrmediate eastern loce.l rift events used in t.his study have 
azimut.hs and velocities centred around about. 90° and 7. 0 km/s 
respectively. The dominant frequency of the first arrivals is 
about 4 to 5 hz. The cross correlator resnonse (with no 
scaling) for Kaptagat array and for a frequency of 5 hz is cal-
culated and illustrated in fig. 3.3 for v 1 and e1 taking on the 
0 
values of 7.0 km/s and 90 respectively. The illustration covers 
a range of velocities (3.2-10.0 km/s) and azimuths (50°-130°) 
cent.red at the point reprEsenting the signal (7. 0 km/s, 90°) to 
which the array is tuned. Fig. 3.3 shows prominent side lobes 
at about (6.0 km/s, 55°) and (5.8 km/s, 123?) which cc.uld be 
mistaken for genuine second arrivals. 
I"') 
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Fig. 3·31 :Contoured correlator response for Kaptagat array. 
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3.3.3 Array resoonse in the presende of inboherent noise 
It can be shown that \'i'hen the array of n sensors is perturbed 
by random noisep beam forming improves signal to noise ratio by 
a factor of In . If the noise-: is considered white, the amplitude, 
a, at each seismometer will be constant but the phase will be 
random. LEt the phase a.ngle at the ith seismometer be q,. • If 
1 
R is the resulta.nt summed noise amplitude and y its phase angle, 
n 
then · 
R 
n 
R 
n 
~ 
= a 
n 
cos y = a E cos 
.pi 
i=1 
n 
sin y = r. sin 
.pi 
i=1 
a2 ( ( n = r. cos 
i=l 
2 n 2 {( E cos 
.pi + 
i=1 
n n 2 
E sin cpi + 2 
i=l 
r. 
i=l 
i~j 
cp )2 
i + 
n 
2 r. 
i=l 
1~' J 
sin .p 1 
n 
( E sin q, )2) 
.1. 1=1 
cos 
n 
r. 
j=1 
.pi 
sin 
n 
r. 
j=l 
.p . ) 
J 
cos .p . ) + 
J 
(3.19} 
In the typical terms 2sin.p.sin¢1. and 2cos.p.cos.p. of the double 
1 J 1 J . 
summations, si.n.p. , sincp., cos¢!. and coscp. have random values 
1 J 1 J 
between ± 1 and tt..e averaged sums of sets of these oroducts is 
effectively zero since .pi is random. 
The average value of sin2 
o2 = a2 (!!. n) 2 aence nn 2 + 2 = na • 
If the signal has amplitude, a, at each of the seismometers, 
then the summed signal output for the i.npr.ase condition is 
9S. 
Thus without using the array the SN~ is unity. But on using 
the array, beam forming increased the SNR. by a factor of 
R 
s na 
R =a~ 
n 
3.4. Data Processing. 
3.4.1. Processing facilities. 
= /i1 . 
Local earthquake data recorded at Kaptagat array were used 
in the study of the lithosphete in and around the Gregory rift 
at the latitude of about O.SN. These data were recorded on one 
inch analogue field magnetic tapes stored at the processing 
laboratory housed at Durham University's Department of Geological 
·sciences. 
The processing laboratory consisted of one inch EMI tape 
deck with supporting electronics for demodulation and flutter 
compensation, a 16-channel jet pen recorder, a bank of three 
analogue band pass filters (Krohn Hite, and later Kemo) and a 
12-channel oscilloscope. Digital processing was done on a CTL 
Modular One computer (~od 1) with 16K core store and 8 bit word. 
Communication to this computer was via a teletl'pe terminal. Out-
put from the computer was routed through a matrix board to the 
jet Pens, the oscilloscope, the teletype or the Hewlett Pakard 
X-Y Plotter. Analogue signals on the field magnetic tapes were 
converted into digital form using an A/D converter. Backing 
storage for the computer was provided by attached tape and disk 
units. 
A part of the core space is occupied by the executive, 
compiler and £ilters (programs). The remaining space is used 
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for the storage of the array data in time series channels. Each 
sejs®ogram is allocated a time series channel. The process of 
velocity filtering involves application of positive and negative 
delays to these channels. It is therefore necessary to have 
sufficient samples in store at a given time to allow the necessary 
delays to be applied. The nu~ber of samples required to be 
stored is, consequently, in direct proportion to the digitization 
rate. 
Each of the records used in this study was digitized at 
two sampling rates 50 and 100 samples per second. The normal disk 
file was 43 pages long and could contain about 13s of 8 channel 
array data recorded at a sampling interval:of O.Ols. However, 
several disk files could be concatenated to produce a file of up 
to 250 pages corresponding to about 80s of 8 channel array data 
recorded at lOOs/s. For higher/lower sampling rates, the 
length (in time) of the record that can be held is proportionately 
less/more. 
Flexibility in processing on Modular one comouter was 
enhanced when records digitize~ at 50s/s were used although the 
resolution in velocity and azimuth was then limited. On the 
other hand, flexibility in processing data recorded at lOOs/s 
was severely limited because of the small storage space available 
in the machine. However, the veloqity and azimuth resolution 
for such records was accurate enough without provision for 
interpolation between samples. For greatar speed and flexibility 
the data recorded at lOOs/s were all again processed on the NU.MAC 
IBM "3~0/j?O· computer. 
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3.4.2. The Velocity filter program. 
Velocity/azimuth filtering on Mod l computer was implemented 
using a program developed by Forth (1975) and written in a special 
language called SE~AC (seismic record analysis compiler). This 
program is here modified (as listed in ap~endix A) and used for 
. the present analys~s to perform a search over ranges of velocity, 
v, and azimuth, G. The operation of the program will be illus-
trated below for the case where the azimuth of a single arrival 
is known ~nd it is required to determine its apparent surface 
velocity. 
For the given azimuth, a value of starting velocity is 
selected. Steering delay, Ti (with respect to the crossover 
point), for the seismometer, i, at the starting velocity and 
the given azimuth is calculated using equation 3.2. The output 
of the seismometer, i, is then dalayed in time by amount Tl,· At 
desired time points, the delayed seismometer outputs on the red 
and yellow arms are summed seperately to produce the red and 
yello~r partial beams. The partial beams are weighted (if 
necessary) and then cross multiplied. The square.root of th~ 
magnitude of this cross product is taken with the original sign 
of the cross product Preserved. The resulting function is 
averaged or smoothed over a moving square time window of length· 
not exceeding·the uninterr~pteQ duration of the signal. The 
operations described above simply implement equation (3.5). The 
resulting output (which may sometimes be band pass filtered) is 
the time averaged product (TAP) or correlation function for the 
starting velocity and the given azimuth. This TAP is plotted on 
the X-Y plotter as a function of time along the seismic record. 
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The velocity is then incremented and the corresponding TAP produced 
an-:1 plotted. In this way all the TAP traces for the required 
range of velocity are plotted for the given azimuth. 
At the given azimuth, one TAP trace is plotted for each 
value of velocity in the velocity search range. Final plotter 
outnut then consists of any suitable single seismic channel 
shifted in time by amount corresponding to the pit coordinates 
of the corresponding seismometer and the measured first arrival 
velocity and azimuth, the TAP traces in increasing order of 
velocity and a time channel for relative time information. Each 
TAP trace has a DC base line from which the trace amplitude is 
normally measured, using a half millimeter scale attached to a 
magnifying lens. A graph of TAP trace amnlitude against apparent 
velocity is obtained from measurements on the plotter output. 
The location of the maximum TAP amplitude can be obtained by 
fitting a parabola to the measured values of amplitude against 
velocity. The velocity at which the measured amplitude is 
maximum is taken as an estimate of the signal velocity at the 
qiven azimuth. 
If the apparent velocity and azimuth of an arrival are both 
initially unknown, short TAP.traces covering the full range of 
0 0 
azimuth (0 -360 ) and probable range of velocity are produced · 
and the corresponding amnlitudes.measured. In this case initial 
velocity an~ azimuth increments are made large and only rough 
estimates of probable range within which the signal parameters 
lie can then be made. Subsequen·t filtering with finer increments 
in velocity and azimuth ~ithin this range can be used to give 
more precise estimates of the signal parameters. 
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On ~od l computer the program can also be used in a fully 
automatic mode (without plot option) to calculate T.AP amplitudes 
for full ranges of azimuth and velocity. The calculated 
amplitudes are stored in a two dimensional array representing 
velocity-azimuth space. The position of the maximum amplitude 
in this space determines the required apparent velocity and 
azimuth of the signal. On this machine, the automatic version 
of the program for full ranges of azimuth and velocity takes too 
long (several hours) to run for one record. ~ore over, because 
of the limited space available in the machine, data sampled at 
higher rates than 50s/s could be filtered for only severely 
limited ranges of vel0city and azimuth. Use of lower sampling 
rates than this results in poor resolution in the determination 
of signal velocity and azimuth. 
To overcome these nroblems and to obtain more precise data 
on first and later arrivals, a Program was written in Fortran 
for implementation on the University of Durham's general purpose 
IB~ 360/370 computer. This program (listed in apPendix C~VFILJ 
performs the same functions of delaying, summing and cross 
correlating already described above. A brief descriPtion of the 
Fortran program is now given. 
At any chosen point in time along the array record, defined 
search ranges of azimuth and velocity are swept through starting 
from initial values up to stipulated final values in specified 
increments. For any given time along the record, values of 
velocity v, and azimuth, 8, are selected within the given ranges. 
Arrival times, T (relative to the crossover point) corresponding 
r 
to the signal (v,S) are calculated for the seismometer r assuming 
100 0 
plane wavefronts and using equation 3.2. The output of seismo-
meter r is then delayed in time by amount T • 
r 
The delayed out-
:puts or channe]_s for the red and yellow arms are summed 
seperately. These Partial sums are cross rml ti nJ.:i.e"l -3.!1. i the 
square root of the crossproduct taken with the original sign 
preserved. The output is then integrated over a time window 
of about one period of the uninterrupted signal. 
For an azimuth 8. and velocity v., a value of the corre-
l l 
. 
lator output, C .. , is computed. If there are m values of 
ll 
velocity and n values of azimuth, then mn values of correlator 
output are calculated in t~e 0-v snace. These mn values are 
smoothed out to reduce the effect of noise bursts. A test is 
then carried out to see which of the outputs, C .. , is a maximum 
. .. 1) 
or-peak in the 0-v space. All identified peaks in the field 
(with their corresponding values of 0 and v) are then arranged 
in descending order of magnitude in a one dimensional array for 
each chosen time point. 
The contents of this array can be printed and/or plotted as 
desired starting from the first element. Any desired number 
of peaks can thus be plotted/printed for a given point in time, 
By trial and error it was established that 1 or 2 peaks gave 
the best nlots. ~he size of the character used in the plot is 
chosen proportional to the corresponding computed TAP amplitude. 
Four to five peaks \•rere usually printed. The need to search 
for more than one peak in the field at a point in time arises 
from the fact that bw or more seismic phases may overlap in 
time at the station. 
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3.4.3. Performance tests on the filtering program. 
Local earthquakes recorded by Kaptagat array station and 
used for the study of the rift structure to the immediate east 
of the array station cover a frequency range of about 4 to 5 hz. 
After the first·arrival which lasts uninterrupted for no more 
than about one period, there may be several 9artially overlapping 
phases resulting in signal interference. Tests on synthetic 
data were, therefore, carried out to estimate the accuracy with 
which velocity and azimuth of a single signal nhase can be 
measured and also to rletermine t~e ability of the program and the 
array to resolve differences in velocity, azimuth and onset times 
of interfering signals. 
To simulate a seismic wavelet, a decaying sinusoid of 
frequency f, amplitude A and duration Twas generated as a time 
function from the relation 
y = (Asin2nft)Cot (8 +( 8 2-0 1 )t 
1 T 
(3.19). 
01 and 82 are chosen minimum and maximum values of the angle (in 
radians) whose cotangent modulates the sine function. By chaos-
ing the values 5 units, 0.40 rad., 1.45 rad., 4hz and 0.50s for 
A, 81, 02 , f and T respectively, about 2 cycles of this decaying 
4 hz sinusoid lasting 0.50s was generated. 
Using Mod 1 computer and the program listed in appendix B, 
this simulated wavelet was generated at sampling intervals of 
0.02s and 0.01s. This wavelet formed each channel of a ten 
channel record (fig. 3.4a) stored on a disk file. These ten 
time series channels on the record were linked to the 10 co-
ordinates of Kaptagat array seismometer pits. The channels could 
102. 
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Fig.3·4a: A decaying 5 hto sinusoid linked to each of the ten kaptogat pits. 
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then be given relative dalays corresponding to an arrival at the 
station with a given apparent velocity and from a given azimuth, 
The accuracy achieved by the array and the orogram in the 
measurement of velocity and azimuth for a single phase was 
studied using this delayed record, Delays corresponding to two 
or more arrivals with different apparent surface velocities and 
from same or different azimuths could also be introduced, In 
this way it was possible to test the ability of the array to 
seperate two· interfering/overlapping arrivals in time and deter-
mine their signal parameters. 
For use on ~od 1 computer, the synthetic data recorded at 
50s/s were filtered in preference to records produced at 100s/s 
because the former allowed for coverage of wider ranges in 
velocity and azimuth, Finer resolution in the estimate of the 
signal oarameters for the same event could then be obtained from 
data recorded at 100s/s w~thin the narrower limits established 
by the previous data. 
The delay T., for the ith channel was calculated for a 
1 
signal with velocity 6.0 km/s and from azimuth 225° as before 
using equation 3.2 and the coordinates of Kaptagat pits. The 
number of samples involved in the delay, T., is the nearest 
1 
whole number to SOT. since there was no provision in the program 
1 
for interPolation between samples .. After the application of the 
delays, the re~ulting record (fig. 3.4b) was stored on a disk 
file and subsequently filtered using the program listed in 
appendix A and discussed in section 3. 4. 2. ·.An averaging time 
of 0.20s was used. This averaging time has been found by trial 
and error (as shown later in this section) to be the best value 
for use in filtering of records of the local ~vents. 
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Using a _1 mm :.c.-11 <' to \,rhich <=~ m<rgnifyinq <]lass was attached 
2 
amplitudes of the correlator outputs were measured for signal 
velocities increasing from 5.0 km/s to 7.0 km/s in stepts of 
0.2 km/s and for azimuths increasing from 221° to 227° in steps 
0 
of 1 . These amplitudes normalized to unity for maximum 
amplitude in the field is shown in table 3.1. The maximum 
normalized amplitude was located at the correct velocity of 6.0 
km/s but at an azimuth of 224° (instead of 225°). However it is 
clear from table 3.1 that the measured azimuth lies between 224° 
and 225° suqqesting a difference of less than 1° between exnected 
rn easu -re.J 
and )\azimuths. This small difference between expected and 
measured azimuths could possibly result from the coarse increments 
(0.2 km/s) in search velocity 'lnd from the quantization errors 
due to the sampling interval of 0.02s used. 
Pig. 3. 5 shows tl1e correlator outputs for an azimuth of 
224°. At the top of the record is a single channel; this is 
followed by outputs for velocities increasing from 5.0 km/s 
to 7.9 km/s in steps of 0.1 km/s. Normalized correlator amplitudes 
measured from these outputs were then plotterl against velocity 
(fig. 3.6 :) . As expected, the curve peaks at 6.0 km/s which is 
the correct signal velocity. The corresponding peak for azimuth 
of 225° is also at 6.0 km/s but the ampliturle is then 95% the 
peak at 224°. When steering delays corresponding to a signal 
with velocity 7.0 km/s and azimuth 225° were inserted in the ten 
channel unnhased record, maximum normalized correlator output '"'as 
0 located at 224 and 7.1 km/s. 
Tests similar to those described above were also carried 
l 06. 
Azimuth (degrees) 
221 222 223 2~4 225 226 227 
5.0 (1 • 4 3 0.45 0.61 0.69 0.71 0.59 
5.2 0.56 0.49 0.72 0.80 0.80 0.67 
5.4 0.39 0.63 0.57 0.81 0.89 0.86 0.75 
5.6 0.46 0.72 0.67 0.90 0.95 0.<39 0.74 
5.8 0.50 0.83 0.85 0.98 0.93 0.86 0.72 
' 
6.0 0.59 0.93 0.88 1. 00 0.95 0.80 0.70 
6. 2 0.75 0.99 1).98 0.96 0.89 0.80 0.54 
6.4 0.81 0.96 0.97 0.92 0.82 0.71 0.52 
6.6 0.86 0.93 0.94 0.86 0.76 0.67 0.53 
6.8 0.85 0.89 o.q9 0.80 0.70 0.63 0.51 
7.0 0.85 0.67 0.63 0.49 
Table 3.1 Normalized amplitudes in the neighbourhood 
0 
of (G.O krn/s,225 ) when the array is tuned 
to the signal (6.0 km/s,225°). 
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apparent velocity of signal was fixed at 7o0 km/so The results 
for 270° and 135° are shown in tables 3o2 and 3o3 respectively" 
At 270°v velocity and azimuth increments were Oo1 km/s and 1° 
respectively and measured azimuth and velocity were 271° and 
7.1 km/so At 135° azimuth 6 increments of 0.2 km/s and 2° in 
search velocity and azimuth were used and the resulting measured 
parameters were 6.9 km/s and 130°(fig. 3.7}" From table 3.3 and 
fig. 3.7 ·the peak at 135° occurs at the correct velocity of 7.0 
km/s although this peak is only 0.90 of ~he peak at 130°. At 
all azimuths the measured velocity was within ± 0.1 km/s of the 
correct velocity. Except for the azimuth of 135° each measured 
azimuth was within ± 1° of the correct azimuth. 
All the measurements discussed above are summarized in 
table 3.4. In all these discussions we have used synthetic data 
recorded at 50s/s to ensure flexibility while using 1VJod. 1 
computer. Better resolution (than given above) in the measure-
ment of signal parameters may be obtained with data sampled at 
100s/s using a bigger machine. 
l' 

,....; 
,....; 
,....; 
.Az i.Tl'l.U t;:-,. ( d.ea:>:"":'~ c::) J • 
122 124 126 128 130 131 132 133 134 135 136 137 138 139 
6.0 0.58 0.56 0.43 0.45 0.41 0.42 Oo43 0.39 0.40 0.43 0.42 0.41 0.34 0.30 
''".;> " 6. 2 Oo65 0.62 Oo64 0.58 0.55 0.55 Oo51 0.47 0.43 Oo44 0.48 Oo43 Oo43 Oo42 
d g ! 6. 4 I Oo69 Oo76 0 0 ,CJ 2 Oo81 Oo65 0.65 Oo68 Oo55 Oo55 Oo55 0.55 0 0 .c; 1 0.40 0. 4 9 
i'"j 
ro I 
::s ! 6 0 6 I o o 7 7 Oo77 0.92 OoS9 0.85 0.85 0.83 0.78 0.70 0.70 0.81 0.62 0.64 0.64 
rt 
~ I 6 o 8 I o o 56 0.78 0.90 0.95 1. 00 Oo99 0.97 0.88 0.93 Oo90 Oo92 0.87 0.78 0.79 
1-' 
X I 7 o o I o o 6 7 Oo72 Oo83 Oo85 !)o91 Oo92 Oo94 0.96 0.95 Oo95 0.94 Oo92 0.86 0.83 
~-
rt 
< I 7 o 2 
---.1 
Oo50 :J.58 Oo56 0.78 Oo81 0.81 0.87 0.91 0.89 0089 0.88 0.83 0.83 0.80 
,.I 0 0 39 0.47 0. 51 0.48 0.55 0.55 0.52 Oo69 0.82 0.77 0.67 0.72 0.67 Oo65 'j : 7 0 4 
~ l - 6 Oo28 0. 31 0.35 Oo30 0.40 0.40 0.52 0.52 0.57 0.57 0. 46 0.47 0.55 0.55 I • 
7.8 I o. 2 3 0.23 0. 17 0.26 Oo28 0.28 0.33 0. 38 0.45 0.42 0. 41 0. 41 0.36 0.41 
Table 3.3. ~ormalised TAP amolitudes for signals in the neighbourhood of (7.0 km/s,135°) 
when Kaptagat array is tuned to (7.00 km/s,135°). 
140 1 LJ2 144 
Oo32 0.28 Oo28 
0.35 0.35 0.33 
Oo4:; 0. 4 2 0.41 
Oo55 0.54 0 0 4 5 
0.74 Oo68 0.56 
0.80 Oo74 0.64 
0.80 0. 73 0.67 
0. 71 0.61 0.621 
0.52 0.60 0. 56· 
0.46 0. ~: 5 0.48 
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Correct Correct '·1easured Measured 
azimut~ velocity n z itnu th velocity 
(degrees) (km/s) (degrees) (km/s) 
135 7.0 130 6.9 
180 7.0 179 7.1 
225 7.0 224 7.1 
270 7.0 271 6.9 
Table 3.4. Measured velocities and azimuths at different 
azimuths when the outouts of the array sensors 
are given delays corresponding to a signal 
~ 
crossing the array with ·velocity of 7.0 km/s 
at each of the qiven azimuths. 
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3.4.4. Interference Problems. 
Using a synthetic seismoqram program, Maguire (1974) showed 
that for an event at a distance of about 55 km from Kaptagat 
sixty arrivals occurred within the first 9.63s of record if 
amplitudes within three orders of magnitude including P,S and 
mode conversions were considered. Calculated a9parent surface 
velocities varied from 3.47 km/s to 13.57 km/s. Although the 
number of these theoretical arrivals will. be drastically reduced 
when only measurable amplitudes are considered, signal inter-
ference between recorded phases certainly constitutes a 
problem for such small distances. 
Distances covered by the immediate eastern local rift 
events used in this study range from about 50 km to about 80 km. 
Consequent!~, after the first arrival, superposition or inter-
ference of two or more recorded signal phases could result in 
measured velocities and azimuths which may differ significantly 
from those of the original single components. 
To illustrate, we consider two simple harmonic waves of 
equal amplitude, a, propagating across the array with angular 
frequencies w1 and w2 , wave vectors, Js1 and Js 2 and with a phase 
difference r1> between them. The displacements, y1 and y2 , are 
then given by 
Y = a 
.. 1 
Y = a 2 
sin(w1 t-Js 1 .~+rj>) 
sin (v.T2t-Jsi<E) 
The displacement, y, resulting from interference between the 
two waves is given by 
y = 2a{~(w1 +w2 )t-\(Js 1 +Js 2 > .~+ !Jx 
rf"'ls { ~ 'v' -w } .... ~ !· 'k -k · ) r+ 1} ~ ·~ l \ v 1 2 L 2 \ -1 -2 o - 2 (3.20) 
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In the present data, frequency variation is small (section 
3.4.3). On the other hand, measured apparent veolcities cover 
the range 5.6 to about 9.4 km/s. Interference effects in space 
are, therefore, more important than those in time. To further 
simplify the treatment, we can therefore assume that the two 
waves have the same frequency w, say, so that equation (3.20) 
reduces to 
(3.21) 
If the two waves have different velocities but come from the 
same azimuth, then the first term in equation (3.21) represents a 
wave travelling in the same direction (i.e. having the same azimuth) 
as the two interfering waves but with a wave vector ~ 3 given by 
Since lt3 1 is not equal to lt1 1 or 1~ 2 1, the apparent velocity of 
the resultant wave is different from that of either of the original 
waves. Interference in this case, therefore, results in correct 
measured azimuth but anomalous value for measured velocity. 
If v 1 and v 2 represent the phase velocities of the interfering 
waves and v 3 the phase velocity of the resultant wave, it can be 
shown that for the same frequency, 
For normal East African shield crust and for surface focus, P and g 
P phase velocities are about 5.g km/s and 10.8 km/s at a distance 
m 
of about 60 km. These two phases coming from the same azimuth can 
therefore interfer (if they have the right stepout time) to produce 
a new wave crossing the array with a phase velpcity of about 7.6 
km/s. A superposition of a surface wave (about 4.0 km/s) and a 
11 6. 
Moho reflection (about 10.8 km/s) produces a wave of velocity 
5.8 km/s. 
The second term in equation (3.21) represents the interference 
envelope and is constant in time. The wavelength, A 3 p of this 
envelope at a frequency, f, is given by 
2v1v 2 
f(v2 -v1 ) 
If A 3 is large compared with the dimensions of the array, then its 
effect is negligible. For example at a frequency of 5 hz, the 
interference of waves ·of velocities 5.3 km/s and 6.5 km/s from the 
In 
same azimuth resultsAinterference envelope of wavelength 21.5 km. 
This is large compared with the array dimensions of about 5 km 
and does not introduce appreciable error in correlation measurements. 
On the other hand, for the same frequency and for velocities v 1 and 
v 2 of 5.0 km/s and 15.0 km/s, the interference wavelength is 3.0 km 
which is comparable to the dimensions of the array. The velocity 
filtering process may, therefore, correlate the interference envelope 
rather than the individual arrivals. This would produce a high 
correlation at an anomalous velocity but at the correct azimuth. 
·rn equation (3.21), if two waves with different velocities 
and azimuths are considered, the resulting wave vector ~ 3 is given 
by 
Since the magnitude and direction of ~(~ 1 +~ 2 ) necessarily differ 
from those of ~ 1 and ~ 2 , it follows that the velocity and azimuth 
of the resultant wave are different, in general, from those of the 
interfering waves. By similar argument it is seen that the inter-
prom qa tes 
ference pattern - 1 with anomalous velocity, and anomalous 
azimuth. 
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It is concluded from the discussions above that two waves 
from the same azimuth can interfer to produce correct azimuths 
but spurious velocities. Furthermore, interference of waves 
from different azimuths can lead to both anomalous velocities 
and anomalous azimuths. These observations suggest that caution 
should be exercised in the interpretation of velocity and azimuth 
data for later arrivals. 
In reality the interference problem may not be as intractable 
as the simole discussions above would suggest. The phases that 
can usually be recorded may not have the right time relationships 
for interference to take nlace. Time distance graphs for important 
phases are plotted in fig. 3·8 for the normal East African shield 
crust and for surface focus. In the range of distance (about 50 
to 90 km) covered by immediate eastern local rift events, the 
principal phases in increasing order of onset times are ~ ,PIP, 
P and surface waves. 
m 
As the distance increases from 50 km to 90 km the stepout times 
between P and PIP decreases from 3.82 to 2.40s, and that between g . . 
PIP and Pm decreases from 4.62s to 2.79s. The surface waves, mainly 
Rayleigh waves with velocity of about 3.0 km/s trail P
9
, PIP and 
Pm by 8.05s, 4.20s and O.OOs resoectively at 50 km distance and 
by 14.55s, 12.10s and 9.40s respectively at 90 km. The S phases 
equivalent to the P phases discussed above are expected to come 
in with very low amplitudes since they are best recorded by 
horizontal instruments; they will, therefore, produce minimal 
effects on correlation amplitudes. It should, therefore, be 
possible to sepe~ate partially overlapping arri~als in terms of 
time, azimuth and phase velocity. 
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An investigation was carried out to test the ability of the 
array and the processing technique in seperating interfering arrivals 
(from the same azimuth) and in resolving their signal parameters. 
The test was carried out for an azimuth of 225°(which approximates 
the azimuth of locul events from Kavirondo gul~ and for two signals 
with phase velocities of 6.0 km/s and 8.0 km/s which are typical 
crustal velocities. 
The signal wavelet corresponding to each Kaptagat pit was 
delayed (relative to the crossover point) by lengths of time corres-
ponding to two arrivals crossing the array with apparent surface 
velocities of 6.0 and 8.0 km/s respectively. The two delayed outputs 
for each pit were added to give a resultant com~osite signal. The 
calculated seperation in time between the onsets of the two arrivals 
at each of the ten pits (table 3.5) varies from 0.008s to 0.147s. 
The resulting ten channel record was velocity filtered with 
0 the ·azimuth fixed at 225 and velocity swept from 5.0 to 10.0 km/s 
in steps of 0.5 km/s. Averaging times of 0.05, 0.10, 0.15, 0.20, 
0.30 and 0.40s were used. Two distinct peaks were observed, one 
at' about 5.5 km/s and the other at about 7.5 km/s independent of 
window length used. Fig. 3.9 shows the correlator output for 
window length of 0.20s and azimuth of 225° when velocity was 
incremented by 0.5 km/s. 
The velocity filter program was then run with azimuth fixed at 
2 2 4 ° and l · t · t d b 0 1 k I ve oc1 y 1ncremen e y " m .s. As shown in section 3.4.3 
this is the azimuth at which maximum correlation occurs in azimuth-
velocity space. A plot of normalized correlator amplitude against 
phase velocity was produced for each averaging time in the range 
0.05s to O.BOs. For all values of window length, the interfering 
Seismometer Time seoeration 
Pit (seconds) 
R1 0.025 
q_2 0.045 
:q3 0.101 
R4 0.130 
R5 1).181 
Y1 0.0013 
Y2 ().061 
Y3 0.079 
Y4 0.110 
Y5 0.147 
Table 3.5. Step out times of 6.0 km/s and 8.0 km/s arrivals 
at Kaptagat pits when the signals come in from 
an azimuth of 27.5°. 
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1\:J h'~ R5 121 0 
·~ 
0·05s 0·10s 0·20s 
5·0 5·0 
. 
9 ·5---'\-;-Sf-\r=----__....llH-ff--\1-"-="-.....:..--~IFY--'V--~~9·5 
0·05s 0·10s 
Fig 3·9:Correlator out pul s for window lt?ngths of Q. 05s, 0·10s 
and 0·20s when two. interf erring signals cross the array with 
phase velocities of 6·0 and 8·0 l<m/s respectively· Numbe(s are 
are apparent velocities in km/s· ~~~~~~--~ 
1 21 f-'l 
arrivals were seen to be sePerated since all the curves show double 
peakirig. Fig. 3.1oshows the velocities at which the Peaks occurred 
for various averaging times. 
Double peaking and hence signal seperation in time is most 
prominent for window lenqth of O.D5s (fig. 3.11 ) . But this size 
of averaging time was considered too small to give reliable results; 
for example the peaks occurred at velocities of 5.q km/s and 8.8 
km/s instead.of 6.0 km/s and 8.0 km/s. It is evident from fig. 3·.l0 
that window lengths between 0.15s and 0.30s gave both measured 
velocities to within 0.1 km/s of the correct velocities. Within 
this range, the averaging time of 0.20s gives correct values 
(fig. 3.11 
(6.0 km/s and R.O·km/s) for both velocities but the double peaking L 
is not as prominent or as well defined as that for 0.05s. Window 
length of 0.20s was, therefore, considered the most appropriate 
value to use in filtering records from local events used in the 
present analysis where the dominant frequency is about 4 to 5 hz. 
:.5 Estimates of error in apparent velocity and azimuth measurements • 
• 1 Error due to assumption of Plane wavefront. 
In the Plane wave front formulation used in the filtering 
program (section 3.4.~) the arrival time, t , of a plane wave front p 
from an azimuth 0 at a point P(~. ,y.) on the horizontal earth's 
l l . 
surface with respect to zero time at the origin is 
t = -(x.sinO+y.CosO)/v p l l 
This expression is correct for sufficiently large distances from 
the source. For small epicentral distances, the curvature of the 
wavefront must be considered to see if significant errors in 
122. 
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measured velocity anc1 <!:c irnu t.:.h result from the a.s sumption of plane 
wavefronts. 
Consider a point source, S(fig. 3.12) of spreading spherical 
wave fronts. 
is given by 
The radi~l distance, D, from the source to P(x. ,y.) 
l l 
where 11 is the radial distance from source to the origin or cross-
over noint. Assuming curvature in the wavefront, the arrival time, 
t , of the wave at P relative to zero at the origin is now 
c 
t 
c 
D-11 
v 
This expression should give a better estimate of the times used 
for inserting delays into the various channels in the velocity fil-
t~ring process. Because neither 6 nor D was known sufficiently 
accu~ately, this expression was not used. In its place the 
expression based on Plane ·w~vefront fbrmulation was used. 
Consider a point source S(fig. 3.13) generating spherical 
waves. At a radius r, the difference, x, in Positions between pl;:ine 
(PR) and spherical (PQR) wavefronts is given by 
X r - ; 2 2 r -a 
where 2a is the aperture presented by the array at the qiven 
azimuth. The difference in arrival times of sphexical and olane 
f t ' x/v h V ' I t f l ' t wave ron s lS ~ere ls t1e apparen sur ace ve ocl y. 
Kaptagat array apertures at azimuths of 45° and 90° are about 
7 km and 5 km respectively. Tile minimum estimated distance, r, 
for rift events to the j_nul\ec:Iinte east of Kaptagat is about nO km. 
At this distance the differences in calculated times (between 
s {I 
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y 
~-----------------~ X 
Fig. 3·12: Scherna!ic diagram for a curved wavefront 
crossing the array. 
Fig. 3·13: A diagrarn illustra1ing difference in positions of 
plane(PR) and sphericai(PQri) wovefronts ut a 
·distance r fron1 source. 
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plane and curved ,,,a vc front ilpDroaches) for a phase velocity of 
7.0 km/s are 0.0145s and 0.00744s for azimuths of 45° and 90° 
respectively. These time differences are of the order O.Ols 
which is the sampling interval used to digitize the records. 
It is clear from this observation that a higher sampling rate 
than lOOs/s will not necessarily improve the resolution of the 
data for this and srne1.ller distances if.the program assumes plane 
wavefronts. 
3.5.2 Error due to finite sampling rate. 
In the program used to calculate apparent velocity and 
azimuth, no provision was made for interpolation between samples 
because the data v1ere sump led at 0. 01 s intervals and the required 
accuracy is achieved without need for interpolation. Delays were, 
therefore, applied to the nearest digit. 
Consider a seismometer located at the point P(x ,y ) in the 
r r 
x-y plane on a horizon t.:-tl cJrth 's surface and at an azimuth o( r 
(fig. 3.2). If o nlone wave crosses the array with apparent 
velocity V from an azimuth 0 , the arrival time, t, at P relative 
to zero time at the origin is 
t = -(x sinfr+y CosB)/v 
r r 
If the seismogram is diqitized at S samples per second, the wave 
will arrive P at sample N where 
N (x Sin9+y Cos9)S - r r 
v 
and N is the digjt nearest to N . For reliable estimation of 
velocity/azimuth, it is necessary that for each seismometer these 
digits, N, change for a change in velocity/azimuth. 
The rates of change of N per unit change in azimuth and 
velocity are givon by 
aN' 
dti 
aN' 
av = 
(-x Cosn+y SinO)S 
r - r 
(x SinO+y CosO) 
r r 
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and 
respectively. 
Tables 3.6a,b,c also give the number of seismometers, m, 
changing whole numbec of sc:nnples, N, at a particular azimuth when 
the apparent velocity ,-1t th.:-1t azimuth changes by 1 km/s, 0.5 km/s, 
0.2 km/s and 0.1 krn/s respectively. Table 3.6b computed for a 
phase Velocity of 7. () km/S si!OidS that when the phase Velocity 
changes by 0.5 km/s, un averagG of 6 seismometers change samples 
() 
at an azimuth of ubout 90 . Two of these seismometers are on the 
red arm and four on the yGllow Rrm of the array. For a change of 
0.2 km/s in velocity at alJout 90° azimuth, an average of 4 seis-
mometers (all on the yellow nnn) change samples. For a change of 
0.1 km/s at 7.0 km/s velocity and same azimuth only three seis-
mometer, (y3 ,y4 ,y5 ), all on the yellow arm, (though not all on 
a straightline), chansre inteqral number of samples. 
It is evident, thGrefore, that in this direction, even when 
all seismometers are functio11ing, phase velocity measurements can 
not be made to a precision bGtter than± 0.1 k~/s if the sampling 
interval is 0.01s. The resolution improves/worsens as the apparent 
velocity decreases/increRses at the same azimuth. 
;J N' Table 3.6d shows ~)7 values computed at a phase velocity of 
< ,-) 
7.0 km/s for different azimuths. The last row on this table gives 
the number, m, of seismometers ·changing samples by whole numbers 
when azimuth changes by 1° and 2° respectively at various azimuths. 
0 For a change of 1 , only th.ree seismometers are effective while 
four seismometers chunge samples by whole numbers for a change of 
0· 2 . In both cases aJ l t-he seismometers are on the red arm although 
they do not lie on a straiqhtline. 
Pits 
R1 
R2 
R3 
R4 
R5 
; · Y1 
Y2 
Y3 
Y4 
Y5 
m for 
1 km/s 
change 
m for 0.5 
km/s 
change 
.m for 0.2 
·km/s 
change 
m for 0.1 
km/s 
change 
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aN° av= at . =1 6.0 kms for azimuths of 
75° 
0.8 
L3 
3.2 
4.5 
6.2 
1.1 
5.1 
7 .. 1 
10.0 
12.9 
10 
9 
7 
5 
Table 3·.6 a. 
60° 85° 90° 95° 100° 105° 110° 115° 
0.6 0.5 0.3 0.1 0.1 0.3 0.5 0.7 
1.0 0.7 0.3 ·o 0.4 0.7 1.1 1.4 
2.5 1.8 1.0 0.3 0.5 1.2 2.0 2.7 
3.6 2.7 1.9 0.9 0 0.9 1.8 2.7 
5.0 3.8 2.6 1.3 0 1.3 2.5 3.8 
1.1 1.2 1.2 1.3 1.3 1.3 1.3 1.3 
5.2 5.2 5.2 5.2 . 50 2 5.1 4.9 4.8 
7.2 7.3 7.3 7.3 7.2 7.1 6.9 6.7 
10.2 10.3 10 0 3 10.3 10.2 10.0 9.7 9.3 
13.1 13.2 13.2 13.1 12.9 12.6 12.2 11.7 
10 10 8 7 6 9 10 10 
9 8 8 6 5 7 9 9 
7 6 .5 4 4 4 I 5 7 
: 
' 
5 4 4 4 4 4 4 4 
aN' Values of av- computed for Kaptagat pits 
at signal azimuths in the range 75° to 115° 
for an apparent velocity of 6.0 kms- 1 . m is 
the number of seismometers changing samples 
by whole numbers for the given velocity change. 
aN' 
av 
Pits 75° 
R1 0.6 
R2 1.0 
R3 2o3 
R4 3o3 
R5 4o6 
Y1 Oo8 
Y2 3.7 
Y3 5.2 
Y4 7.3 
Y5 9o5 
m for 
1 km/s 10 
change 
m for 
0.5 km/s ~ 
change 
m for 
0.2 km/s 6 
change 
m for 
0.1 km/s 3 
change 
Table 3.6 b. 
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at 7.0 km/s for azimuths of 
80° 95° 90° 95° 100° 105° 110° 115° 
0.5 0. 3 0.2 0 0 1 0 0 1 Oo2 Oo3 0.5 
Oo7 0.5 0.2 0 0.3 Oo5 0.8 1.0 
1o8 1 0 3 0.7 Oo2 Oo4 Oo9 1.4 2.0 
2o7 2o0 1 0 4 Oo7 0 Oo7 1o3 2.0 
3o7 2.8 1 0 9 1 0 0 0 Oo9 1.9 2.8 
0.8 Oo9 0.9 Oo9 1.0 1 0 0 1o0 1.0 
3.8 3o8 3.9 3o8 3o8 3o7 3o6 3.5 
5.3 5o4 5.4 5o4 5o3 5o2 5o1 4.9 
7.5 7.6 7.6 7o6 7o5 7.3 7.1 6.9 
9.6 9.7 9o7 9.6 9.5 9.2 8.9 8.6 
10 9 8 7 5 9 9 10 
7 7 6 5 5 5 8 9 
6 5 4 4 4 4 4 5 
3 3 3 3 3 3 3 2 
' 
aN' Values of ClV computed for Kaptagat pits at 
signal azimuths in the range 75° to 115° for 
-1 
an apparent velocity of 7.0 km . 
.. 
aN' 
--ClV 
.Pits 75° 
1U 0.5 
R2 0.9 
R3 2.0 
R4 2.9 
RS 4.0 
Y1 0.7 
Y2 3.2 
Y3 4.5 
Y4 6.4 
Y5 8.3 
m for 
1 km/s 10 
change 
m for 
0.5 km/s 7 
change 
m for 
0.2 km/s 6 
change 
m for 
0.1 km/s 2 
change 
Table 3.6c. 
at 7.5 km/s for azimuths of 
80° 85° 90° 95° 100° 105° 110° 115° 
0.4 0. 3 0.2 0. 1 0.1 0.2 Oa3 Oa4 
0.6 0.4 0.2 o.o 0.2 0.5 o·. 7 0.9 
1.6 1.1 0.6 0.2 0.3 0.8 1.3 1.7 
2.3 1.8 1.2 0.6 0.0 0.6 1.2 1.7 
3.2 2.4 1. 6 0.8 0.0 0.8 1.6 2.4 
0.7 0.8 0.8 0.8 0.8 0.8 0.8 0.8 
3.3 3.3 3.4 3.3 3.3 3.2 3.2 3.0 
4.6 4. 7 4.7 4.7 4.6 4.6 4.4 4.3 
6.5 6.6 6.6 6.6 6.5 6.4 6.2 6.0 
8. 4 8.5 8.4 8.4 8.?. 8.0 7.8 7.5 
9 g 13 7 5 9 9 9 
7 7 6 4 4 4 7 7 
5 4 4 4 4 4 4 4 
2 2 2 2 2 2 2 2 
3 N1 Values of av computed for Kaptagat pits at 
signal azimuths in the range 75° to 115° for 
-1 
an apparent velocity of 7.5 km . 
' 
,.....j 
("") 
.-i 
Pits 
Rl 
R2 
R3 
R4 
R5 
Yl 
Y2 
Y3 
Y4 
Y5 
0 1 change 
0.2 
0.3 
0.7 
0.9 
L2 
0.1 
0.1 
0.2 
0.2 
0.2 
3 
75° 
2°change 0 1 change 
0.4 0.2 
0.6 0.4 
1.4 0.8 
1.8 0.9 
2.4 1.3 
0.2 0.1 
0.2 0 
0.4 I 0.1 
0.4 0.1 
~L4 0 
4 3 
cH·T 0 ae at 7.0 km/s for the azimuths of 
85° 90° 95° 105° 115° 
0 2 change 0 1 change 0 2 change 0 1 change 0 2 change 0 1 change 0 2 change 0 1 changre 0 2.change 
0.4 
0.8 
1.6 
1.8 
2.6 
0.2 
0 
0.2 
0.2 
0 
4 
Table 3_.6d 
0.2 0.4 0.2 0.4 0.2 0.4 
0.4 0.8 0.4 0.8 0.4 0.8 
0.8 1.6 0.8 1.6 0.8 1.6 
0.9 1.8 0.9 1.8 0.9 1.8 
1.3 2.6 1.3 2.6 1.3 2.6 
0.0 0.1 o.o o.o 0.0 0.0 
o.o 0,;0 o.o o.o 0.1 0.2 
0.0 0.0 0.1 0.2 0.2 0.4 
0.0 0.0 0.1 0.2 0.2· 0.4 
0.1 0.2 0.2 0.4 0.4 0.8 
3 4 . 3 4 3 5 
-------- !.-..- - - !.... 
Values of ~:' com?uted for Kaptagat pits at signal 
azimuths in the range 75° to 115° for phase velocity 
of 7.0 km/s. 
0.2 0.4 
0.3 0.6 
0.7 1.4 
0.9 1.8 
1.3 2.6 
0.0 o.o 
0.2 0.4 
0.3 0.6 
0.4 0.8 
0.6 1.2 
4 7 
r 
.. 
' 
,_, 
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The minimum number of instruments that can measure 
velocity/azimuth uniquely is three spread in two dimenSions. 
From the discussions above, it is therefore concluded that for 
a sampling ~ate of 100s/s the theoretical resolution that can 
be achieved by Kaptagat array in the indicated directions is 
about 1° in_azimuth and 0.1 km/s in velocity when all the ten 
seismometers are functioning. The resolution possible from 
the record of any event depends on the particular seismometers 
that produce usable records of that event. 
3.5.3. Determination of centre of the correlator peak. 
The accuracy to which azimuth or velocity can be deter= 
mined deuends partly upon the accuracy to which the centre 
of the correlator peak can be estimated (Birtill and Whiteway, 
thnt is 
1965~Lon the sharpness of the velocity or azimuth response 
which in turn depends on the dimensions of the array in 
relation to the wavelength of the signal and the configuration 
of the array concerned. 
From theoretical studies of responses of arrays of diffe-
rent configurations, it is concluded that for ideal response 
1 
curves, the error in azimuth/ve.l.oci ty should not exceed 20th 
of the response beam width at the half level points (Birtill 
and ~"1hi teway, 196 5) . Velocity and azimuth responses for 
Kaptagat array for azimuth -of 90° shown in fig. 3o14 and fig. 
3o15 are calculated (for a frequency of 5 hz) from equation· 
3o15 v.rhen the array is tuned to receive a signal with phase 
velocity of . 7 o 0 km/s o The widths wv (for velocity) and w0 
(for azimuth) of the response curves at half level points are 
(""') 
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2.3 km/s and 17° respectively. These figures show that for 
an ideal noisefree record, an error of not more than + 0.1 
km/s in velocity and ± 1° in azimuth is expected from Kaptagat 
array data at this azimuth. This corresponds to the width 
of velocity and azimuth responses at the 0.995 and 0.95 levels 
respectively. 
3.5 .• 4. Errors due to incorrect assumed velocitv/azimuth. 
Fig. 3.3 gives the correla:tor response as a function of 
signal azimuth and velocity when the array is tuned to 
receive a signal crossing Kaptagat array with velocity 7.0 
km/s from an azimuth of 90°. Side lobes of amplitudes about 
half the maximum in the field are centred around (6.1 km/s, 
55°) and (5.6 km/s, 122°); this can introduce erroneous 
results from velocity/azimuth filtering if search azimuth/ 
velocity differ widely from the correct values. 
From fig. 3.3, azimuth responses at a discrete number 
of velocities can be obtained. From such curves, the magnitude 
f th la~imuth k f i f 1 . (f" o e corre a~orLresponse pea as a unct on o ve oc~ty 1g. 
3.16) is determined; the numbers indicate the azimuths at which 
the peaks ocour. It is assumed that the azimuth of the event 
'is initially unknown. Search for event azimuth is then made 
at a number of assumed velocities. If the assumed velocity 
is the correct velocity, the measured azimuth will,also be 
correct. 
From fig. 3.16 it is observed that if the velocity used 
in the search for azimuth differs from the correct velocity 
by as much as ± 0.2 km/s, the correct azimuth is always measured. 
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Fig. 3·16: Plot of ·corre!otor peale azimuth response against search velocity. 
Numbers indicate azimuth (in degrees) of peak for the <?orresponding velocity 
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If the search velocity differs from the correct velocity by up 
to + 0.5 km/s, the me~sured azimuth is within ± 1° of the correct 
azimuth. And for an error of + 0.9 km/s in velocity, the measured 
azimuth is in error by no more than+ 2°. It is evident, there-
fore, that accurate knowledge of velocity is not critical to the 
determinaiion of the azimuth to within 2° of the correct azimuth 
at azimuths around 90°. 
Similar treatment applied to velocity res?onse is illustrated 
in fig. 3.17. If the search azimuth is within + 1° of the correct 
azimuth, the measured velocity does not diff.er significantly from 
the correct velocity. But deoartures of ± 2°, ± 3°, ± 5°, ± 7° 
and+ 8° from the correct azimuth result in errors of ~ 0.1, ~ 0.2, 
+ 0.3 and ± 0.4 km/s resoectively in measured velocities. Hence 
for an ideal noise free record at this azimuth an accuracy of + 2° 
in azimuth is required if velocity is to be measured to within 
± 0.1 km/s of the correct velocity. 
3.6 Processing of Kaptagat data . 
. 6.1 Analogue to digital conversion of the array data. 
Events used in the oresent study were selected from those 
used by Arnold (personal communication) in seismicity study of the 
region. The analogue field tapes were olayed back (unfiltered) 
with demodulation and flutter compensation at a soeed of 15/16 
inch per second which is ten times the recording speed. The 
analogue seismic channels and the time channel were displayed on 
the 16 channel jet pen recorder and/or on the oscilloscope for 
visual insoection. Some of the events played out were then 
selected for digitization and subsequent velocity filtering. 
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An event was selected if its seismograms had a high signal to 
noise ratio, showed little or no saturation and had a good number 
of ooerative seismometers evenly distributed between the two a.tms 
of the array. In the selection, preference was given to records 
with sharp first arrival P-wave onsets. Only events with P-
surface (or X?) wave times of less than about 30s were selected. 
Each selected analogue record was digitized on Mod 1 
computer using the ADC. The resulting digital file was copied 
onto a disk file from which it was then transferred to a magnetic 
tape file for permanent storage. A record to be digitized was 
first played out onto the iet pens at paper speeds of 2.5 mm or 
5.0 mm per recorded second for observation of first motion on 
each seismic trace. For some records it was found that the first 
motions of the outputs of the seismometers were not all in the 
same sense. The differences in the direction of the first motion 
could have arisen from the polarities of the connections from the 
seismometers to the recording system. Where necessary, the inver-
ters were used to get the first motions the same way up in all the 
seismic traces. The direction of first motion is easier to see 
on records with sharp onsets. For records with emergent onsets, 
the direction of first motion could not be determined with 
certainty and the waveform of any well recorded and correlatable 
later arrival was used. 
It was observed that the maximum number of traces that can 
be conveniently and confidently digi t.i.zed on ~1odular one computer 
at 100s/s '\r.Tas .eight if the length of each seismogram was about 30s. 
At 50s/s, comoarable lengths of all ten seismograms and time 
channel could be conveniently digitized without difficulty or 
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error. Hence from the analogue record of each event, two digital 
files were created, one at 50s/s and the other at 100s/s. Exper-
ience during subsequent processing showed that a record digitized 
at 50s/s allowed greater flexibility (in the ranges of azimuth 
and velocity covered) than the same record sampled at 100s/s. 
On the other hand, the higher sampling rate provided better 
resolution in velocity/azimuth especially for velocities higher 
than about 6.5 km/s. The two digital files of the same event, 
therefore, complemented each other and were used in a way to 
reduce the problems created by limited sPace within the computer. 
If the number of acceptable seismograms on an analogue array 
record was less· than 8, a digital file of 8 channels was created. 
This digital file included all the unfiltered seismic traces and 
the time channel. Band pass filtered (0-10 hz) seismic channels 
(usually R1 and/or Y1) were recorded on any of the remaining unused 
channels. 
If an event recorded exactly eight acceptable seismograms, 
four digital files were produced from it. Two g channel digital 
files of the 8 seismic traces (excluding the time channel) were 
made at sampling rates of 50s/s and 100s/s respectively. For the 
same analogue record, two digital files, each including three band 
pass filtered (0-10 hz) seismic traces (usually Rl, R2 and Yl), 
these same three traces unfiltered, one other unfiltered seismic 
trace and the time channel 7 were created at sampling intervals of 
0.02s and O.Ols respectively. The time channel was later used to 
provide time scales for the set of records with eight seismic 
traces. Onsets of later arrivals were identified more easily on 
the filtered traces. 
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The eight channel record digitized at 50s/s was found 
extremely useful in velocity filtering for low velocities (e.g. 
3 to 4 km/s} because there would be sufficient storage space for 
the relatively smaller number of samples corresponding to the 
large system delay required for such low velocities. In the 
system, the space occupied by an eight channel data is half that 
occupied by a 16 channel data recorded at the same sampling 
interval. If the number of channels in an analogue record is 
more than 8 but less than 16, the corresponding digital record 
occupied the same space as a 16 -::::'-•?nnel record during velocity 
filter processing. Hence, in order to leave more space in the 
computer store for programs and time delays, 8 channel data were 
used even at a samplina rate of 50s/s unless the number of seismic 
channels exceeded 8. 
If an event recorded more than eight acceptable seismic 
traces, the best eight were selected and four digital files made 
of them as described in the prece~ing paragraphs. Then, in 
addition, all the acceptable seismic channels together with a 
time channel were digitized at SOs/s. 
In all cases, the digital file was copied from disk onto 
paper using the jet pen recorder. After inspection to ensure a 
satisfactory analogue to digital conversion, .the record was copied 
onto tape. At the time of digitization, a note was made of the 
pit coordinates corresponding to each seismic channel. 
3.6.2 Velocity filtering on Mod 1 computer. 
Because of the st'l'~ngef\t · requirements which data for reliable 
velocity filtering must satisfy, only eleven sets of array data 
from local rift events to the immediate east of Kaptagat were 
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selected as adequate for such processing. Some more distant rift 
events to the north and south of Kaptagat and a few local events 
originating from the west in the Kavirondo gu~ were also processed. 
The procedure adopted for the velocity filtering of the 
present array data recorded for each event will be described with 
reference to a record shown in fig. 3.18a. At the time of record-
ing, six seismometers were operating, four on the red arm and two 
on the yellow arm. Using onset time analysis, Arnold (personal 
communication) had determined the first arrival azimuth for this 
. 0 
event as 99 . This azimuth was taken as the provisional starting 
point. The record of this event digitized at 50s/s was first 
filtered (using an averaging time of 0.20s) .to determine the first 
arrival azimuth and apparent velocity. For this purpose only a 
very short section of the record including the first arrival was 
processed as described below. 
For the first stage in velocity filtering of the data from 
this event, nine values of azimuth starting from 80° and increas-
· · t of 5° t 12 0° d 1ng 1n s eps up o were use . l\t each value of azimuth, 
velocity was swept from 3.0 km/s to about 10.0 km/s in steps of 
0.5 km/s. At the starting azimuth the TAP amplitudes for the first 
arrival were measured for all values of velocity. This procedure 
was repeated for all azimuths in the given range. In this way all 
the first arrival correlator amplitudes in the given velocity-
azimuth space were measured. The velocity and azimuth correspond-
ing to the measured maximum amplitude in velocity-azimuth plane 
estimated roughly the region within which the event first arrival 
velocity and azimuth are located. The search was then concentrated 
in smaller ranges of azimuth and velocity centred around the 
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correlator amplitude-maximum. A more refined maximum was obtained with 
increments of 0.2 km/s in velocity and 02° in azimuth leading to better 
definition of the region where the first arrival velocity and azimuth 
should lie. 
The region in and around the new resulting TAP maximum was further 
investigated with data recorded at lOOs/s using increments of 0.1 km/s 
in velocity and 1° in azimuth. This last stage ensured improved velo-
city and azimuth resolution. The final refined first arrival velocity 
and azimuth for this event were finally estimated as 7.6 km/s and 105° 
respectively. Fig 3•18bis the correlator ~lot output for azimuth of 
0 105 and for velocity increasing from 5.2 km/s to 10.2 km/5 in steps 
of 0.5 km/s. Other arrivals ~re indicated on this output and it is 
necessary to measure the parameters of all significant arrivals. 
·Close to the rift where lateral variations in structure may be 
expected, azimuths of first and later arrivals from the same event 
may not, in general, be expected to be the ~arne. However, for the 
processing on ~od 1, because of the limitations already discussed, 
flexibility is severely limited and azimuths of all arrivals from the 
same event are assumed to be the same as the azimuth determined for 
the first arrival. 
With the azimuth fixed at the value measured for the first 
~rrival (105° for this event), and using data recorded at 100s/s 
velocity was swept from 5.0 krn/s to 12.0 km/s in steps of 0.1 km/s. 
For each arrival the measured amplitude at each velocity was normalized 
to unity with respect to the maximum amplitude measured for the first 
arrival and plotted against the corresponding velocity. Such velocity 
response curve for the. first arrival is shown in fig. 3.19. The least 
squareq oarabola fitting the_data of fig. 3.19 from 6.2 km/s to 8.5 
km/s is 
Y = = 16.612 + (4.594±o.S97)V-(0.301!0.041)V2 
where Y iS the normalized correlator response and V is the measured 
apparent velocity. Estimates are standar1 error. The maximQm response 
occurs when the gradient of this curve is zero, that ·when V=7.63 km/s 
which confirms earlier estimate. Inspection of this curve indicates 
that a Smaller amplitude arrival with a velocity of about 5.8 km/s 
appears to be recorded at about the same time as the 7.6 km/s 
arrival. This subsidiary·peak is more clearly indicated in the 
filter output from subsequent processing discussed in section 3.6.3. 
: 
Fig 3·18b 
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The velocity of each later "lrrival was determined ·.by plotting its 
normalized correlator amplitude against velocity. The value of 
velocity corresponding to the maximum of this curve was taken as 
the best estimate for the apparent velocity of that arrival. In 
this way the apparent velocities of all orominent later arrivals 
from the given event were measured. To objectively determine 
each peak and the corresponding velocity, it was necessary, in 
some cases, to fit a parabola to the measured values of correlation 
against phase velocity. 
For velocities less than about 5.0 km/s, difficulty was 
~ncountered in filtering data digitized at 100s/s for reasons 
already discussed. The severity of this problem depended on the 
signal azimuth and the coordinates of the pits of the operating 
seismometers. To get over this problem, data of the same event 
digitized at SOs/s was filtered with the azimuth fixed at the 
value already determined above for the first arrival. A velocity 
sweep from about 3.0 km/s to about 6.0 km/s in steps of 0.1 km/s 
was then easily implemented. This range of velocity was expected 
to provide information on onset.times·of Sand mode converted 
phases. Although 3.0 km/s may be high for some S phases, it was 
not oossible on Mod 1 to go below that velocity even for data 
recorded at SOs/s. However, subsequent processing on a bigger 
machine (section 3.6.3) handled velocities well below 3.0 km/s 
without difficulty. 
The procedure described for the event mentioned above was 
applied in filtering the digital records of all the other events 
used in this study. Rift events to the north and south of 
Kaptagat have longer periods than the local events to the immediate 
148. 
east and west . The ncriod of the first arrivals of these north 
and south rift events was about 0. 30 s. Smoothing time window 
of 0.30s was, therefore, used for nrocessing data from these 
events. 
The resulting data are shown in fig. 3.20. The correlator 
amplitude of each later arrival at the velocity determined for 
it was normalized to unity with respect to the corresponding 
amplitude of the first arrival at the measured first arrival 
velocity. The normalized correlator amplitude was plotted as a 
vertical line at the corresponding arrival time (relative to the 
first arrival). The nwnber below each line is the estimated 
apoarent velocity of the arrival at that time. 
6.3 Filterin~ on IBM 360/370 computer. 
The assumption that later arrivals come in from the same 
azimuth as first arrival of the same event may not be justified 
for all events because of possible lateral variations in the 
structure within the rift zone. Such variations will result in 
the event rays being deflected in the horizontal as well as in 
the vertical directions. Siqnal components from the same event 
may, therefor~, arrive Kaptagat from azimuths different from one 
another and from the first arrival azim1,1th. There was, therefore, 
the need to determine not iust the velocity but also the azimuth 
of each later arrival. Secondly, more than one arrival may be 
recorded at the station at about the same time. In effect, more 
than one peak may exist in the v~locity-azimuth .space at any given 
time point along the seistnic J~ecord. For example, unwanted large 
amplitude low velocity siqnal gonerRted ~ayleigh waves can partially 
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overlap and mask the desired but low amplitude crustal arrivals. 
In a situation such as this, it becomes necessary to determine all 
the significant correlator peaks in the field and then select those 
relevant to the physical oroblem in hand. 
The princioles of 0oeration of the ; .. program VFJL. (appendix 
C) written to perform this task on Durham University's IBM 360/370 
computer has been described in section 3.4.2. The data guided 
through this program were all digitized at 100s/s, and w~re exactly 
the same as those processed on Mod 1 computer using the earlier 
program. For reasons discussed in section 3.6.2, time window of 
0.20s was used for local events to the immediate east and immediate 
west of the station while window length of 0.30s was used for 
filtering rift events to the north and south of Kaptagat. This 
program was designed to c0nfirm and complement the results obtained 
from Mod 1. 
The implementation of the program will be illustrated with the 
processing of data from event 11 digitized at 100 samples per second 
(fig. 3.21). From velocity filtering on Mod 1 computer, the first 
arrival velocity and azimuth of this same data were determined as 
7.0 km/s and 113° respectively. 
The new program was now used to repeat the measurement of the 
first arrival parameters. Initially filtering covered ranges of 
3.0 km/s to 12.0 km/s in velocity and 60° to 160° in azimuth and 
started at the 50th samole on the original digital file on tape. 
Increments in velocity, azimuth and time were 0.5 km/s, 5° and 
0.05s respectively. With this coarse processing the maximwn 
correlator output in the velocity-azimuth space was located at 
157 0. 
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7.0 km/s, 115° and at 2.05s from the beginning of the original file. 
To determine the parameters of this first arrival more precisely, 
velocity was increased from 4.0 km/s to 10.0 km/s in steps of 0.1km/s 
while azimuth was increased from 85° to 145° in steps of 1°. 
Correlator outputs were computed at intervals of 0.01s in the time 
range from 1.90s to 2.40s from start of the original digital file. 
The major peak of the first arrival occurred at 2.06s as shown in 
table 3.7 which includes two other peaks. The parameters of the 
three peaks in decreasing order of peak magnitude are (6.8 km/s, 
113°), (6.6 km/s, 125°) and (8.3 km/s, 137°). 
With the time pointer at 2.06s (the time for the first arrival 
peak), correlator .outputs in the velocity-azimuth space were cal-
culated for azimuths increasing from 85° to 145° in steps of 1° 
and velocity increasing from 4.0 to 10.0 km/s in steps of 0.1 km/s. 
These outputs were then normalized to unity with respect to the 
maximum output in the field. The main oart of this normalized 
correlator output values are contoured as shown in fig. 3.22 in 
which three peaks designated A., B and C have normalized outputs ,of 
1.00, 0.73 and 0.66, respectively at their centres. To the nearest 
0.1 km/s in velocity and 1° in azimuth, the measured parameters of 
the centres of A, B and C are (6.9 km/s, 114°), (6.6 km/s, 125°) 
and (8.2 km/s, 136°) respectively. These values should be compared 
with the printout values of (6.8 km/s, 113°), (6.6 km/s, 125°) and 
(8.3 km/s, 137°) on tahle 3.7. The difference of 0.1 km/s in velocity 
and 1° in azimuth between the parameters of the centres of A and 
C and the printout on table 3.7 may have arisen from the element 
of subjective judgement involved in smoothing by hand in the course 
of producing fig. 3.22. Values of the parameters for the three 
Peaks are, therefore, in agreement with the contents of table 3.7. 
Table 3o7 Correlator print output from program VFIL 
showin~ first arrival parameters for event 
11. Velocity was incremented from 4o0 to 
10.0 km/s in steps of 0.1 km/s \1hile azimuth 
was incremented from 85° to 145° in steps of 
1° o Three peaks \-Jere printed every Oo 0! So 
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It is evident, from this obse~vation, that the peaks shown on plot 
and print outputs of the program are not spurious peaks. Further-
more, results obtained here (5.9, 114°) compare very well with the 
values (7.0, 113°) obtained from processing on Mod 1. 
The accuracy achieved in the determination of velocity and 
azimuth .c'l.epends on the accuracy with which the centre of the 
correlator peak can be measured. For ideal curves, the error in 
the determination of the centre of the correlator peak should not 
exceed one-twentieth of the beam width at the half level points 
of the response ~urves (Birtill and ~~iteway, 1965). The width 
of the half level contour for peak A in fig. 3.22 for velocity and 
azimuth corresponding to its centre is 10.5° in azimuth and 1.45 
km/s in velocity. This indicates that the centre of the peak A, 
and hence, the corresponding signal parameters can be measured to 
a precision of about 0.07 km/s in velocity and 0.50° in azimuth. 
These errors should be suitably combined with errors from other 
sources discussed in section 3.5 in estimatin~ the overall errors 
in velocity and azimuth measurements. 
The normalized peak outputs and the corresponding peaking 
velocities and azimuths close to and including the centre of peak 
A is shown in table 3.8. It is evident from this table that an 
error of 1° in azimuth may introduce an error of 0.1 km/s in 
measured velocity. An error of 2° in azimuth introduces an error 
of 0.2 km/s in measured velocity. These observations are illus-
trated in fig. 3.23. 
Plot output in the vicinity of the first arrival is given 
in fig. 3.24a for velocity and azimuth ranges of 5.0 to 10.0 km/s 
and 100° to 130° respectively. Azimuth and velocity increments 
164. 
Table 3.8 Normalized oeak correlator outputs and the 
correspon~ing first arrival velocities 
measured at azimuths close to the azimuth 
of the first arrival for event 11. 
Azimuth Normalized Velocity 
(degrees) correlator of peak 
peak out- (km/s) put 
110 0.~29 6.6 
111 0.893 6.6 
112 0.973 6.8 
113 1. 000 6.8 
114 0.999 6.9 
115 0.977 7.0 
116 0.926 7.1 
117 0.883 7.2 
118 0.799 7.3 
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event· II. Velocity and azimuth increments are 0·1 km/s and 1° respectively. 
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proportionaa.to the corresponding computed cor relation am-plitude-
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were 1° and 0.1 km/s. One peak was plotted at 0.02s intervals. 
Output for about the same length of time is shown in fig. 3.24b 
where two peaks were plotted at intervals of 0.01s but with 
azimuth increasing from 80° to 140° in steps of 2° and velocity 
from 5.0 km/s to lO.n km/s in steps of· 0.2 km/s. 
Velocity filtering was used to estimate the onset of the S 
waves corresponding to and having the same propagation path as 
-the first arrival. Such a phase will have an azimuth not signifi-
cantly different from the first arrival azimuth. For this search, 
velocities iri the range 2.0 km/s to 10.0 km/s with increments of 
0.2 km/s and azimuths in the range 110° to 120° with increments of 
0 2 were used. One peak was plotted at time intervals of 0.05s 
from O.SOs to 16.00s (fig. 3.25). Measured velocities (about 2.8 
km/s) and azimuths (about 114°)for arrivals betwe8n about 13.50s. 
and 14.00s suggest that these arrivals may be S or surface waves. 
For a closet examination of these arrivals, the filter was 
applied to part of the r~cord between 12.50s and 16.50s. Ranges 
in velocity and azimuth were ~.0 km/s to 10.0 km/s and 108° to 118° 
respectively. Azimuth and velocity increments were 2° and 0.2 km/s 
and only one peak was olotted at intervals of t\-10 samples (fig. 3. 26). 
A single seismic channel was plotted at the top of this figure. A 
section of the corresponding printout is shown in table 3.9. 
From fig. 3.26 and table 3.9 it is clear that these low 
velocity arrivals are recorded continously between 13.78s and 
13.98s along the record. The peak correlator output is located at 
13.90s or 11. 85s from the neak of the first arrival; the final 
measured velocity and azimuth were 
kmjs 
2. 6 ).... and 112° respectively. The 
correlator cutout of this arrival relative to the first arrival is 
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Table 3o9 Cor~elator print output for event 11 i~ the 
time ~ange containing the X arrivalso Two 
peaks printed at OQ02s intervalso Velocity 
incremented from 2o0 to lOoO km/s in steps 
of Oo2 km/so Azimuth incremented from 
108° to 118° in steps of 2°o 
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0.54. From about 14.32s to 14.74s, arrivals with velocities in 
the range 3.4-3.6 km/s and azimuths of 110° to 114° are recorded 
with peak correlator output occuring at azimuth of 114°, velocity 
of 3.6 km/s and at time 14.42s (i.e. 12.36s fr6m the peak of 
the first arrival). For this arrival the'output peak was 0.49 
that of the first arrival~ 
The 2.6 km/s arrival may be direct S waves in the vn1danic~~ 
refracted 
while the 3.6 km/s arrival may represent S waves!_from the top of 
the basement. The onset of the 2.6 km/s and 3.6 km/s arrivals 
are also clearly seen on both the single seismogram and on the 
correlator output function as 'a' and 'b' in fig~ 3.26. 
From the plot and print out~uts of the program, the veloci-
ties and azimuths for arrivals along the record of this event 
number 11 were extracted and plotted. Such a plot is shown in 
fig. 3.27 where the single seismogram, the normalized correlator 
output, velocity and.azimuth are plotted at discrete time points 
along the record. ~ide ranges in search velocity and azimuth 
were used in measuring parameters of arrivals along the record. 
The Procedure described above in the processing of the 
data from event ll was applied in filtering the records of all 
the other selected events, but with varying details. Fig. 3.28 
is the plotter output from the data of fig. 3.18a. Here the 
ranges in velocity and azimuth were 3.0 km/s to 12.0 km/s and 
50° to 150°; · t · l · t d · th 0 4 k I 1n~remen s 1n ve oc1 y an az1mu were • . m s 
and 4°. Two peaks were plotted at intervals of 0.04s. 
In figs. 3.29a/b which are the outputs from the same 
record (fig. 3.18a), the azimuth an~ velocity increments were 
reduced to 2°/1° and 0.2/0.1 km/s for narrower ranges in search 
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Fig· 3 ·2 7: Plot of correlation, apparent velocity and aY.iliiuth as functions of time along the seismic trace 
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0 
Velocity.andazimuth incrementedby0.1km/s and1 respectively. 
180. 
parameters. In each caser two peaks were plotted at inter-
of 
valsAO.Ols. A portion of the printout corresponding to 
f,ig. 3.29b is shown in table 3.10. A subsidiary peak occur-
ing at about the same time as the main peak of the first 
arrival was previously indicated from Mod 1 processing of 
this record. This subsidiary peak is here seen more 
clearly in figs. 3.28 and 3.29 and also in table 3.10. 
Fig. 3.30 for event 7 is similar in function to fig. 3.27 
for event 11 with only the maximum peak plotted. 
3.7 The data 
The errors in the measurement of first arrival veloci-
ties and azimuths of the records of all events processed were 
estimated from the contributions of the sources of error 
discussed in section 3.5. The first arrival velocities and 
azimuths of the rift events to the immediate east of Kaptagat 
with their estimated measurement errors are shown in table 
3.11. Similar first arrival data for more distant rift 
events to the north and south of Kaptagat are shown in 
table 3.12. The first arrival data for local events from 
the west are shown in table 3.13. 
In the plotter output for the record of each event, the 
significant arrivals were identified by an increase in the 
correlator amplitude. It was useful, where possible, to check 
that the arrivals seen on the correlator outputs could also be 
identified on a single seismic trace. The correlator amplitudes 
of all arrivals for the record of a given event were normalized 
to unity with respect to the event 1 s first arrival correlator 
amplitude. The normalized output for each arrival was then 
plotted as a vertical line at the corresponding arrival time. 
The numbers below each line represent the velocity and azimuth 
of the corresponding arrival. 
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184. 
--. __ 
Apparent Apparent p to X 
Event number azimuth Velocity time 
(degrees) (km/s) (seconds) 
1 102+4 7.1+0.5 8.1 
- -
2 94+4 7.2+0.3 8.2 
- -
3 95+4 7.3+0.2 8.2 
- -
4 74+2 7.0+0.2 8.3 
-
-
5 87+2 7.3+0.2 9.0 
- -
6 94+2 7.5+0.2 9.1 
- -
7 1 06+2 7.5+0.4 9.7 
- -
8 88+2 7.0+0.2 9.8 
- -
9 107+2 6.9+0.5 10.3 
- -
10 106+2 7.0+0.2 10.8 
- -
11 114+2 6.9+0.2 11.7 
-
-
Table 3.11: Measured P-X times and the corresponding 
first arrival measured apparent velocities and azimuths 
of the local rift events to the immediate east of 
Kaptagat. 
185. 
Apparent Apparent p to X 
Event number azimuth velocity time 
(degrees) (km/s) (seconds) 
1 29+2 7.7+0.2 24.7 
- -
2 21+3 6.7+0.2 26.1 
- -
3 19+4 6.7+0.2 26.4 
- -
4- 18+4 6.R+0.2 26.7 
- -
5 23+3 6.7+0.2 27.0 
- -
6 22+4 7.0+0.2 28.1 
- -
7 148+2 7.R+0.2 29.7 
- -
Table 3.12: Measured P-X times and the corresponding 
measured first arrival apparent velocities and 
azimuths of rift events to the north and south of 
Kap.tagat. 
Apparent Apparent p to X 
Event number azimuth velocity time 
(degrees) (km/s) (seconds) 
1 224+2 6.0+0.2 7.7 
- -
2 224+3 5.6+0.2 7.7 
- -
3 196+3 6.0+0.2 8.3 
-
-
4 222+4 6.4+0.2 10.6 
- -
5 240+2 6.2+0.2 12 0 1 
- -
6 234+2 6.4+0.1 17.4 
- -
7 236+2 6.4+0.1 19.8 
- -
8 200+3 6.5+0.2 28.6 
- -
9 200+3 6.4+0.2 29.3 
- -
Table 3.13: Measured P-X times and the corresponding 
measured first arrival apparent velocities and azimuths 
of events originating mainly from the south west of 
Kaptagat. 
187. 
The resulting data for closein eastern rj_ft events are shown 
in fig. 3.31. Fig. 3.32 gives the corres~onding data for distant 
rift events to the nortr. and south of Kaptagat. r::atca for local 
events coming mainly from t.he south 'rlest are shovm in fig. 3. 33. 
The letters userl in fig. 3.31 are for phase identification. 
Arrivals from different events c.nd labelled by the same letters 
are thought to be the same phases. For example, arrivals marked 
1 a 1 are identified in this study as first arrival headwaves. 
The significance of other letters ar~ explained in section 6.3 
on the interpretation of second arrival data from local rift 
events originatinc; from the immediate east .of Kaptagat. 
188. 
Figo 3o31: Apparent surface velocity (1®/n)~ azimuth 
(degrees) and relative onset time data for 
closein local rift eventsfrom the iminediate 
east of Kaptaroato Estimated epicentral 
distances are shown in kmo 
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Figo 3o32o The data (velocity and azimuth) for rift 
events to the north and south of Kaptagato 
Numbers below each vertical line represent 
apparent velocity in km/s and azimuth in 
degree so 
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4o1 Introduction 
CHAPTER 4 
LOCATION OF EPICENTRES 
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In the· previous chapter 9 the apparent veolcities and 
apparent azimuths of first and later arrivals in the records 
of selected earthquakes were determinedo In the present 
chapter 9 the epicentres of these events are located in 
relation to the rift structureo Ideally focal depth and 
structural model are required for locating epicentres; these 
quantities are initially unknowno Epicentres arep therefore 9 
here located without assuming any particular structural model 
or any definite focal deptho 
4o2 Normal multistation location proceq~ 
The techniques normally applied to locate earthquakes are 
based on the method of least squareso The basic principles 
underlying these techniques are discussed in Richter (1958) 
and Jeffreys (1970) and are outlined in this section for 
local earthquakeso The coordinates and origin time of an 
earthquake are determined from records of a multistation 
network by iteratively changing a preliminary hypocentre and 
origin time.to minimize the sum of the squares of the differences 
between observed and calculated arrival times of first arrival 
P and possibly other phaseso 
To be located with high precision, the epicentre for local 
earthquakes should be well surrounded by recording stations at 
distances (large compared with probable focal depth) preferably 
in the range 60 km to 100 km and well distributed in azimuth. 
On the other hand, high accuracy in depth determination demands 
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that at least one station in the network of local stations 
must be close to the epicentrea 
For local earthquakes, epicentral distance may be 
measured with direct waves P and S since P is the fi&""st g g 9 
arrival for most crustal models in the distance range 60 to 
100 kma Here the data are the onset times Tp and T5 of the 
directwavesa If the Poisson 9 s ratio 9 a 9 is assumed constant 9 
it can be shown that for p and S . propagating g g 
with velocities a and 13 respectively, then 
T ~ T = R(T ~T )9 s p p 0 
and that D = (T =T ) p 0 
where R 
along the path 
0 is the linear distance from focus to station and T is the 
0 
origin time of the evento 
For the network 7 measured values of T =T are plotted as s p 
ordinates against measured P onset times, T as abscissaee g p 
The graph should be a straight line crossing T axis at time p 
T0 which estimates the origin timeo The time interval T =T p 0 
for each station is multiplied by the best estimate of «to 
give Do 
The normal network location procedure was not used in 
locating events analysed in this study because the Kaptagat 
array had a relatively small aperture in comparison with the 
epicentral distancee The array aperture is so small that the 
array can be regarded effectively as one stationo Since data 
on first arrival apparent velocity and azimuth have been obtain-
ed, a location procedure involving these measured quantities 
was adoptedo 
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4o3 Location procedure fr~m a single array station 
To locate the epicentre of an event from a single array 
station, the azimuth and the epicentral distance are useda 
The azimuth is usually obtained from velocity filteringo The 
distance, A 9 may be mcasur~d by the time difference between 
any pair of arrivals 9 normally P and Sa The P=S time may be 
converted to distance using the following data g 
(a) the ratio 9 R9 of P-wave velocity~ a 9 to S=wave 
velocity 9 B o 
(b) the seismic velocity model of the structure through 
which the waves pass 9 and 
(c) the focal depth, h 9 of the event if no direct arrivals 
can be identifiedo 
The ratio, R9 for the propagation path is related to 
!< 
( 1o 0 a 2 ~0~5.----) <> 
a a 
For most rocks uis about Oo25o In the present study an average 
value of 1e74 is adopted for R (Anderson, 1965) corresponding 
to a value of Oo 254 for a o 
However, at the latitude range covered by the present datap 
it has been established that there is a lateral variation of 
structure in and around the Gregory rift zone (Maguire and 
Long 7 1976; Griffiths et al 1971; Savage and Long, 1985)e It 
is, therefore, to be expected that there will also be a lateral 
variation in a9 and hence Ro In practice, then, R will be 
expected to vary from path to path and also along a given path. 
To simplify the discuss:ion 7 however, an average value will here 
be assumed for Ro 
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In general the P and S phases need not have the same 
propagation pathso All that is required is that the P and S 
phases be correctly identifiedo The main source of error in 
measuring P-S time in this study arose from the uncertainty 
in the identification and in determining the onset time of 
the S waves which come in as later arrivals and were recorded 
with vertical instrumentso S \"\laves are better recorded with 
horizontal instrumentso But as discussed in the next section~ 
S wave onset can be more confidently identified from the 
measured apparent velocities of the arrivals suspected to be So 
4o4 Structure of the seismograms and the identity of a prominent 
arrival a 
On the seismograms used in the present study, S wave onsets 
were not identified with confidence for reasons given abovea 
S phases may be expected to come in as a low energy later 
arrivals obscured in the coda of higher amplitude P wave 
arrivalse Figo 3o21 reproduced here as figo 4o1 shows a 
typical set of seismograms from a local earthquake recorded by 
Kaptagat array .. 
The first.arrival which is a P wave is impulsive and clear. 
In the next few seconds following this first arrival, each 
seismogram shows other high amplitude P wave arrivals. The 
record then tends to get quieter with time until at about 12s 
from the first arrival \oJhen a high energy burst (whose estimated 
onset time is indicated by the arrow) appears and persists for 
several secondso This energy burst is seen clearly in the 
seismograms of all events studied and will here be labelled 
arrival Xe If the identity Ciaeo the phase) of X is known, 
its onset time relative to the first arrival onset can be 
201. 
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Fig. 4 ·I : A record of a close in local rift event coming from the 
immediate east of Kaptagat. 
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used to estimate the epicentral distance of the corresponding 
event for a given structural model. X may be direct waves 9 
head waves or reflections of the P 9 S or the mode converted 
typea It may also be a surface wavea 
The later part of the array data of figo 4o1 containing the 
arrival X was velocity filtered (using VFIL) to estimate the 
velocities of arrivals in the time range containing Xo The 
plot output shown in figo 4o2 (reproduced from figo 3o26) 
includes a single seismic channel at the topo Times marked 
on this~diagram are times measured from the beginning of the 
original digital tape file on which the array seismograms for 
this event were storeda Times measured from the peak of the 
first arrival are obtained by subtracting 2o06s from the times 
in figa 4a2o The search ranges used to produce the output 
shown in this figure are 2a0 to 10o0 km/s in steps of Oo2 km/s 
in velocity 9 108° to 118° in steps of 2° in azimuth and 12o50s 
to 16o50s in steps of Oo02s in timeo 
In figo 4a2 both the single seismic trace and the correlator 
output indicate a sudden rise in amplitud~ starting at about 
13.,82so From this time and persisting for a duration of about 
Oc20s is an arrival with velocity 2o6 km/s and azimuth 112°o 
The onset of this arrival is 11o76s from first arrival peak; 
this time is close to the P-X time of 11o.7s measured from the 
seismogram of pit R1 for this same evento An arrival with 
velocity of 3a4 km/s and azimuth of 110° to 112° persists for 
about Oa24s starting from 14o44so The onset of this arrival 
is 12o38s from the peak of the first arrival, which again is 
close to the measured P-X timeo For a duration of Oa22s from 
14e90s to 15o12s an arrival with velocity 3o8 km/s and azimuth 
112° is observeda TI1e velocities pf all these arrivals (in 
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km/s) are marked in the diagramo 
In the 1a20s time interval from about 13o82s to about 
15o02s only six out of the sixty measured velocities are. 
above 4a0 km/so The rest are below 4o0 km/s and above about 
2a5 km/so These arrivals may 9 therefore~ be considered as 
surface waves or S waveso The amplitudes of the arrivals 
are too small for them to be considered as surface waves 
unless the focus is unusually deepa These low energy and low 
velocity arrivals precede and are very close to the high 
amplitude arrivals whose estimated onset is associated with Xo 
The low energy arrivals may 9 therefore~ be considered as S 
waveso 
The 2o6 km/s arrival may be identified as S waves in the 
volcanics, the 3a4 km/s arrival as S propagating in the base= g 
mento This interpretation is supported by the P=wave velocity 
of about 4a6 km/s obtained for the main basement volcanic cover 
(Khan et alo~ 1987) and the basement velocity of about Se8 km/s 
(Swain et al .. ~ 1981)a The 3o8 km/s arrival may be identified 
as an S phase having the same propagation path as the first 
arrivals., 
Values of other measured velocities beyond about 15.,00s are 
shown in fige 4o2o A 9o0 km/s arrival from azimuth of 112° has 
correlator amplitude peak at 15e14s; this time corresponds to 
the time of the first peak of the large amplitude signal seen 
on the single seismograma This high amplitude arrival could 
be explained as a wide angle multiple reflection. As an 
illustration, consider a horizontal layer of thickness H and 
average velocity Va 1hen the apparent surface velocity Va of 
a wave that has been reflected two times from each of the 
upper and lo~er boundaries of the layer is given by 
v 
a 
2 2 >z 
·- V ( A + ( 4H=h) ) 
/]. 
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where h is focal depth and A the epicentral distanceo For a 
layer of thickness 26 km 9 velocity SoB km/s 9 the calculated 
apparent surface velocity is Bo95 km/s at a distance of about 
80 km and a focal depth of 10 kmo Although this velocity 
agrees with·the observed value of 9o0 km/s 9 it is difficult to 
explain the theoretical difference in time (about 5o6s) between 
such multiple reflection and the first arrival when the 
observed difference is about 12o0So 
Because of their high amplitudes, these arrivals could also 
be considered as near critical point reflections probably from 
the Mohoo Consider a normal continental-crusta For a distance 
region just beyond the geometrical ray theory critical distance 9 
the reflected waves and the head waves (from the Mohop say) 
interfere, resulting in large amplitude arrivals (Cervenyv 1966) .. 
This distance region 9 of the order pf 10=50 km, depends on the 
frequency of the reflected wave and increases with a decrease 
in frequencyo The amplitude of the resulting waves is further 
enhanced if there is a positive velocity gradient immediately 
beneath the Moho or the releVant first order discontinuity 
(Braile and Smith 9 1975; Cerveny and Ravindra, 1971)e These 
near critical point diving waves have apparent velocities 
higher than crustal velocitieso The observed velocity of about 
9 .. 0 km/s would seem to suggest that these high energy arrivals 
may be diving waves. But the step-out time of about 13s from 
the first arrival is difficult to explaino 
On the output of the program showing more than one peakw 
the 9a0 km/s arrival is observed simultaneou~ly with the low 
velocity arrivals \·Jith velocity mostly in range 2e5 km/s to 
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4a0 km/so It is thus suggested that what is probably S and/or 
surface wave precedes and continues into the high energy 
portion 6f the recorda Although the identity of X is not 
known for certain? it is probable that its onset time is 
close to but later than the onset of S wavesa The onset time 
of X may 9 therefore 9 be an overestimate of the onset time of Sa 
Location of epicentres will 9 however 9 be carried out without 
assuming an identity for Xa For placing epicentres 9 information 
about focal depths is requiredo An attempt is now made to 
place some limits on the probable values of focal deptho 
4o5 Focal depth estimatesa 
For events outside a network of stations 9 focal depths can 
normally be determined if the structure containing the propa= 
gation paths is knowna In this study, the structure is not 
known initially and subsequent discussions will treat focal 
depth and structure collectivelyo Attention is focussed on 
the 11 selected closein eastern events having azimuths in the 
range 74° to 114° and P~X times in the range 8~1s to 11.7s and 
probably originating from within the coniines of the rifto 
For the interpretation of the velocity data, knowledge of 
focal depths of the events is essentialu But focal depths can 
not be uniquely determined from the present datao However, on 
geological and geophysical evidence, limits can be put on 
realistic values of focal depth estimateo An average value 
may then be estimated and used for all eventso 
The events under study are probably located within the 
confines of the Gregory Rift (section 4.6). This part of the 
~regory rift, is <.~ssociated with microseismic, geothermal and 
recent volcanic activitya This suggests that rocks at shallow 
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depths are probably in a partially molten stateo For example~ 
near the steam jets south of Lake Naivasha 9 a temperature of 
0 177 C was reached suddenly in a drill hole at 936m depth 
(Thompson and Dodson~ 1963)o Extrapolated to a few kilometers 
depth~ melting temperatures for the rocks will be attainedo 
From a study of focal depths of intraplate earthquakes~ 
Chen and Molnar (1983) established that the temperature at the 
source. region is an important factor determining whether 
deformation occurs seismically or noto From estimates of the 
temperatures at depths of deepest events, they conclude that 
these limiting temperatures are 250°=450°C and 600°-800°C for 
crustal· and mantle materials respectivelyo They deduce that 
in zones of continental extension focal depths are mostly 
shallower than 12-15 kmo !'·lost activity in the Basin and Range 
province, for example 9 occurs at depths of less than about 15 
km where calculated temperatures are 350° + 100°Ce 
Data from geothermal mapping along the Gregory rift using 
ground and aerial infrared techniques indicate that some 8835 
to 21,915 r1W are released in the form of geothermal cooling by 
both advection and conduction (Crane and O'Connel, 1983). It 
is estimated that from each kilometre of the rift a range of 
14-35 MW is releasedo From a study of the compilations of heat 
flow data in Cainozoic rift systems a high mean heat flow, 105 
-2 
mWm , has been determined within the Kenya rift (Morgan, 1983). 
-2 However, low to normal mean heat flow values, 57 and 39 mWm , 
were determined for the volcanic flow covered shoulders of the 
rift to·the west and east respective~yo These low to normal 
. =2 
mean heat flows compare well vJith the mean heat flow of 45 mWm 
for cratons in Africa (Gass et al.., 1978)., · Regions of abnormally 
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high heat flow within the Gregory rift are also associated 
with grid faulting? active volcanism and numerous hot springso 
The implication of the heat flow data within the confines 
of the Gregory rift is that partial melting accompanying high 
temperatures will occur at shallow crustal depthso Large 
focal depths arey ther.efore 9 improbable since rocks in 
partially molten state can not store enough strain energy for 
the generation of the observed tectonic earthquakeso 
The axial zone of the Gregory rift is, in parts, associated 
with dense crustal intrusion indicated by a positive axial 
Bouguer anomaly (Searle, 1970; Baker and Wohlenberg~ 1971) and 
confirmed by a depression in teleseismic delay time profile 
(Savage and Long, 1985) and a higher than normal crustal 
velocity furiffiths et alo 9 1971lo This instrusion which may 
be continuous with the upper mantle anomalous material is 
associated with higher than normal temperatures indicated by 
presence of steam jets, active voicanoes and high electrical 
conductivities (Banks and Ottey, 1974; Rooney and Hutton, 1977; 
Banks and Beamish, 1979; Morgan, 1983)o It is probable, there= 
fore~ that earthquake foci may be located above this intrusion 
or within its relatively cool upper parto 
Gravity interpretations suggest that the top surface of 
this crustal intrusion is in the depth range of about 0 to 20 
km (Searle, 1970; Khanand Mansfield, 1971; Baker and W~hlenberg, 
1971; Baker et alo 9 1972)o Explosion data suggest that the top 
surface must be deeper than about 6 km (Swain et ala, 1981) 
while teleseismic delay time studies put the depth at less than 
about 20 km (Savage and Long~ 1985)o 
Molnar and Aggan.,ral ( 1971) studied microearthquakes in 
Kenya and showed that seismic activity was not restricted to 
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a central zone within the rift but was scattered through out 
the rifto In L~ke Magadi area 0 (about 2 S) 9 approximate 
locations showed that depths of focus appeared shallow~ less 
than about 15 km with a most probable value at about 5 kmo 
In the Homa Bay area of the Kavirondo rift where about 300 
microearthquakes were recorded per day 9 the focal depths were 
estimated at between 3 and 5 kmo Foci in the central part of 
the rift covered in this analysis are 9 therefore 9 likely to be 
shallower than those in the regions discussed aboveo Further 
evidence in support of this expectation come from the inter= 
pretation of seismicity and geomagnetic deep sounding datae 
Hamilton et a~ (1973) investigated seismicity in the 
Gregory rift in the area of geothermal prospects near Lakes 
Naivasha and Hanningtono In the region near Lake Naivasha 
focal depths were estimated at 3 to 4 kmc In the Lake Hannington 
area focal depths as large as 6 to 10 km were observed although 
I 
depths of 2 ·to 5 km were estimated for the southern end of the 
Lakeo Data from a small aperture seismic network sited over an 
area covering Lake Bogoria and its surroundings show that local 
events within the lake occur at depths up to 14 km (Maguire et 
al .. , 1986). 
Rykounov et al (1972) studied local earthquakes in the 
southern part of the Gregory Rift from Lake Magadi in Kenya to 
Mount Hanang in Tanzaniao The magnitudes of earthquakes studied 
were in the range Oo5-3o5; this range is similar to the magnitude 
range of 1~8-3~1 (Arnold, personal communication) covered by 
earthquakes used in the present analysiso Their survey covered 
a latitude range from 2bout 2°S to 4 .. 5°S.. Histograms for focal 
depth distributions (figa 4a3) show that for rift earthquakes, 
the most probable focal depth is 10-20 km (nearer 10 than 20 km)., 
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However this region has near normal shield type structure and 
foci may therefore be expected to be deeper there than in the 
region of the present study where extreme thinning of the 
lithosphere has been establishedo 
Geomagnetic deep sounding experiments in and around the 
Gregory rift have shown that currents are concentrated by 
three regions with high electrical conductivity (Banks and 
Beamish 1979; Beamish 9 1977; Banks and Ottey 9 1974)o Two of 
the anomalies are related to the rift structure 9 and other 
geophysical evidence strongly suggests that the high con= 
ductivity is due to the presence of molten material in the 
rocks of the lower crust and the upper mantleo The shallower 
crustal zone of partial melt is located directly beneath the 
rift floora Its upper surface is no deeper than 20 km~ it 
probably may be as shallow as 5 kmo 
From magnetotelluric data 9 the shallow conducting zone is 
interpreted in terms of high temperatures and water saturation 
in the crust (Rooney and Hutton 9 1977)o The top surface of 
this crustal zone is estimated at a depth of less than 8 km. 
This zone underlies the part of the rift studied heree 
Thus on the strength of available geological and geophysical 
evidence, focal depths of more than about 20 km are unlikely in 
the part of the Gregory rift zone covered in the present analysis 
0 the rift within about OoS N)o An average focal depth of 
about 5 to 10 km would seem realistico 
4e6 Estimating epicentral distances from P-X timeso 
P-X times, t, for the 11 selected local eastern events were 
measured from the outputs of seismometer Y'l (or Rl if Y1 was not 
functioning) and are shown in table 4a1o These measurements were 
Event 
number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
p-x time 
(seconds) 
8 0 1 
8.2 
8.2 
8.3 
9.0 
S'· • 1 
9.7 
9.8 
10.3 
10.8 
11.7 
Apparent azimuth 
(degrEes) 
102 
94 
95 
74 
87 
94 
106 
88 
107 
106 
114 
Table 4. 1 ME:asured P-X times and c-zirnuths for the 11 
local rift events to the immediate east of 
:Kapt.agat. 
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made on records obtained from fast paper playouts to improve 
precision in the determination of to The uncertainty in the 
measurement of t was better than about +0a5s in most of the 
recordso The main source of error was the uncertainty in the 
determination of onset of X; the first arrival P-wave onset was 
impulsive and easy to reado In this section the epicentral 
distances are derived from the measured values of to 
In section 4a4 9 it was suggested that X could be surface 
waves~ direct waves 9 reflections or headwaves of S or P phaseso 
From measured values of apparent velocity 9 it was shown 9 how-
ever9 that the onset of X is preceded by and is close to the 
onsets of phases suspected (on the bases of their measured 
velocities) to be S and/or surface waveso X onset time may 9 
therefore 9 be an overestimate of onset time for S waveso 
Derivation of distance from t does not here assume that 
the identity of the phase X is knowno 
To derive distances from P-X times~ knowledge of the 
structural model and of focal depth is required along with the 
identity of Xo None of these is known initially., Howeverp two 
structural models for the Gregory rift zone have been establishedp 
one· for the western flanks at the latitude of Kaptagat and the 
other for the axial part of the rift CMa9uire and Long, 1976; 
Griffiths et 'al 9 1971)o The details of these models are dis= 
cussed in section 1o5o Thes~ models were used in the way 
described below to estimate epicentral distances from P-X timese 
For each of the two models 9 differences in travel times 
between the first arrival P wave and each of the prominent later 
arrival phases were calculated as a function of epicentral 
distance, A~ The arrivals considered were direct waves, head 
21-L 
waves and reflections of P and S modes as well as surface waveso 
In estimating S velocity from known P velocity 9 the ratio R of 
P wave velocity to S wave velocity was assumed as 1o74 as dis-
cussed in section 4o3o Hecorded surface waves would be expected 
to. be predominantly Rayleigh waves because the seismograms were 
written by vertical component instruments which normally have 
poor response for horizontal earth motion characteristic of 
Love waveso A Rayleigh wave rock velocity was deduced from the 
S wave velocity in the top layero The range of distance covered 
was from 0 to about 250 km in steps of 10 kma For each phase, 
focal depths of 0 9 5 and 15 km were used in calculating differences 
in travel times for the corresponding propagation pathe The 
plots of distance against time difference are shown in fig. 4.4 
and the labels on this diagram are explained in table 4c2e 
A mean line PQ 9 put centrally through the set of curves 
in fig. 4.4 gives the desired mean relationship between P=X 
times, t, and epicentral distance, tJ... Although it has been 
supposed that X could be any of the phases plotted, it should 
be emphasized that the velocity data is more in favour of X 
being S or surface waves than other phasese 
To arrive at the average line PQ, it was necessary first 
to eliminate some curves that are obviously not consistent with 
the observed P-X timeso For example curves labelled 8,12, 22 
and 26 are not relevant to the present data because they 
suggest distances which could lead to apparent velocities 
significantly higher than measured apparent velocities. Further= 
more, curves 8 9 12 and 22 suggest that time difference decreases 
with increase in distance contrary to observations. curves, like 
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Table 4.2 Explanation of labels on the curves of distance against 
time difference shov.rn in fig. 4 0 4o 
Label Model Time difference Focal depth 
(seconds) (km) 
........ 
-
1 Maguire i'lncl Long (1976) Sn-Pg 0 
2 " Sn-P* 0 
3 " Surf.-P* 0 
4 " Surf.-Pn 0 
5 " Sg-Pq 0 
6 II S*-P* 0 
7 II S*-Pg 0 
B " Pm-Pg 0 
9 II Sq-P* 0 
10 " Sg-Pg 15 
11 !I S*P* 15 
12 " S*-Pg 15 
13 II Surf.-Pg 15 
14 II S*-Pg. 15 
15 II Sn-Pg 15 
16 II Sg-P* 15 
17 II Sn-P* 15 
18 " Surf.-P* 15 
19 " S*-Pn 15 
20 II Sg~Pn 15 
21 II Surf.-Pn 15 
21 II Pm-Pg 15 
23 II Sm-Pg 15 ~· 
24 Griffiths et al (19 71) Surf.-P* 0 
25 II S*-:P* 0 
26 " PIP-P* 0 
27 II Surf~-:?g 0 
/.g II Sg-Pg 0 
?.9 II Surf.-1?* 5 
30 II S*-:?* 5 
31 II Sg-:?g 5 
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that labelled 23 9 which are outside the observedrange of P=X 
times were not considered in obtaining the mean line PQo 
The thick line PQ is estimated as the best line through 
the set of lines and represents the required average relation= 
ship between P=X times 9 t~ and distance 9 ~a Measured values 
of t were converted to A using this line whose equation is of 
the form 
~ = a + bt 
=1 
where a and b have the values =6o3 km and 8o1 kms respectively 
for focal depths in the range 0 to 15 kmo The expression isp of 
coursep valid for the range of t covered by the dataa 
The range of t covered by the present data is from about 
BoOs to about 12o0so From line PQ~ this range of t corresponds 
to a range of distance from about 59 km to about 91 kmo Figo 
4a4 gives a range of distance for a given time differencep te 
At time difference of 8o1s~ line PQ in figo 4.4 gives a mean 
value of 59 km for ~ with an uncertainty of + 16 km.. But P=X 
time is typically about 9o0s and the estimated uncertainty at 
this value of t is + 13 kmo This estimate of uncertainty 
applies to small distilnces and include closein events from 
the east and the local western events from the Kavirondo gulf 
whose P-X times are within the stated limita For the more 
distant rift events to the north and to the south, measured 
values of P-X times range up to about 25s and the uncertainty 
in the estimate of distance is certainly greater. 
It is probable that the estimates· of distance and its 
uncertainty given above may be exagerrated& A close look at 
figo 4e4 in the time difference range from BoOs to 12e0s shows 
that.the plotted lines are enveloped at th~ top by lines 28 and 
218. 
31 and at the bottom by line 13o Lines 28 and 31 represent 
Sg=P times while line 13 represents Surface = Pg timea It is 
unlikely that S will have the high amplitude observed in the g 
X arrivalsa If lines 28 and 31 are ignored~ the estimated 
average line would move down towards lines 13 and 27 which 
represent Surface = P times for focal depths and models 
. g 
. indicated in table 4a2o 
It is reasonable 9 therefore 9 to consider also the use of 
surface wave times as one possible alternative for converting 
P=X times to distancesa The relevant surface wave lines are 
13 9 27 and 29o The average line through these three lines 
gives a relation of the form 
6 = a ~ bt 
where a and b have values Oa7 km and 6oS km/s respectivelyo 
This relation shows that if t is increased from BoOs to 12oOs, 
~ increases from 53 km to 79 km; this suggests smaller values 
of distance than estimates based on the average line PQs 
The derived distances (table 4a3) were combined with the 
corresponding measured azimuths to locate the epicentre in 
relation to the rift structure (fig. 4e5) and the gravity map 
of the area (figo 4o6)o The open circles in fig. ~5 and fig. 
4.6 represent epicentres based on the use of surface waves. 
The blackened circles represent epicentres derived from the 
average line PQ in figo 4o4a If X were actually surface or 
S waves, it is clee1r that location based on line PQ would tend 
to push epicentres further to the east than they really should 
beQ However, from figo 4o5 and fige 4e6 the epicentres are all 
located within the confines of the rift and in a part of the 
rift where .the Bouguer anomaly is flat., 
Event 
number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
21 9. 
Apparent Apparent Distance in 
kilo~ 
P-X metres 
times azimuth velocity Rased on Based on (seconds) (degrees) (km/s) average regard= 
line P0 ing X as 
surface 
waves 
8.1 10~ + 4 7.1 + 0.5 59 53 
- -
8.2 94 + 5 7.2 + 0.3 60 54 
- -
8.2 95 + 4 7.3 + 0.2 60 54 
- -
8.3 74 + 2 7.0 + 0.2 61 55 
- -
9.0 87 + 2 7. 3 + 0.2 67 59 
- -
9. 1 94 + 2 7.5 + 0.2 67 60 
- -
9. 7 106 + 2 7.5 + 0.4 72 64 
- -
9.8 S38 + 2 7.0 + 0.2 73 64 
- -
10 ·. 3 107 + 2 6.9 + 0.5 77 68 
-
10.8 106 + 2 7.0 + 0.2 81 71 
- -
11.7 114 + 2 6.9 + 0.2 88 77 
- -
Table 4.3. Estimated eoicentral distances for close in 
local rift events to the immediate east of 
Kaptagat. The,corresponding P-X times and 
first arrival apparent velocities and 
azimuths are also shown. 
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In figa 4a7 9 the epicentres are located in relation to 
the zone of conductivity anomalies inferred from geomagnetic 
deep sounding data (Banks and Beamish 9 1979)o The epicentres 
are found to lie mostly within the zone in the central part of 
the rift beneath 111hich melting is suggested at shallow crustal 
depthso This supports the argument for very shallow foci (see 
section 5o3)o 
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CHAJ?TE~ 5 
INTERPRETA'ri01\l nF CLOSE IT\! EASTE':{.N :qrFT DATA IN 
TE:q"'1S 'JF J?LANE LAYE:qED ~'~10DELS. 
5.1 Introrluction. 
Away from the rift zone Africa has a structure similar 
to that found in normal continental shield zones (Gumper and 
Pomeroy, 1970). These zones are characterised by thick crust 
and high crustal and sub-Moho velocities. In East Africa, 
this shield structure extends uc to the western and probably 
eastern flanks of the Gregory rift (~aguire and Long, 1976; 
Herbert and Langston, 1985) in close oroximity to the anomalous 
structure established to exist beneath the axial part of the 
rift floor (Searle, 1970; Baker and Wohlenberg, 1971; Maguire 
and Long, 1976; Savage and Long, 1995). Beneath the Gregory 
rift floor, available geological and geochysical data indicate 
that the lithoschere is extremely thinned (or ruptured?) and 
the upper mantle exhibits anomalously low values of density 
and seismic velocity. A steep boundary between the shield 
structure on the flanks and the anomalous rift structure is, 
therefore, suggested. 
This chacter further investigates the structure of the 
crust/lithosphere beneath the Gregory rift at the latitude of 
about 0.5°N under the constraints of available geological and 
geophysical data. For this interpretation we use the apparent 
velocity data from closein events located,within the rift to 
the immediate east of I<aptagat. 
5.1.1 The gravity starting model. 
Bast-west P.ougue·r gravity orofiles across East African 
plateau show a long wavelength negative anomaly over areas more 
2 27 0 
than about 1000 m in elevation with superimposed negative 
anomalies over the eastern and western rifts. The long wave~ 
length anomaly has been interpreted as the effect of a body of 
low density asthenosphere material which has replaced normal 
upper mantle (Sowerbutts, 1969; Darracot et al., 1969; Khan and 
Mansfield, 1971; Baker and Wohlenberg, 19711 Fairhead, 1976). 
But the details of the models produced-by these workers differ 
(see section i.5.2 and fig. 1.6). 
Over the axial part of the Gregory rift there is~ a positive 
ridge of short wavelength (40-80 km) low amplitude (30-60 mgal) 
anomaly superposed on the long wavelength Bouguer anomaly. 
This positive anomaly has been interpreted in terms of a dense 
basaltic mantle - derived crustal intrusion probably continuous 
with the low density asthenosphere material in the upper mantle. 
Estimates of the depth to the top surface of this crustal 
intrusion are given as about 2 km (Searle, 1970; Baker and 
Wohlenberg, 1971), 3.5 km (Fairhead, 1976) and 20 km (Khan and 
Mansfield, 1971) for latitudes 0°, 1.1°8 and l.0°N respectively. 
The width of the intrusion within the crust is estimated as 
6 km (Fairhead, 1976), 10 km (Baker and Wohlenberg, 1971) and 
20 km (Searle, 1970) . 
The character of the axial positive anomaly varies along 
the length of the rift. ryifferences in estimates for the width 
and depth to the top surface of the crustal intrusion could, 
therefore, be due to different authors interpreting profiles 
at different latitudes. The thicknesses and densities of the 
lavas and sediments that lie beneath the rift floor may also 
vary alonq the length of the rift: this could partly explain 
the rather large estimate for the depth to the top of crustal 
2 2'3 0 
intrusion obtained by Khan and Mansfield (1971). 
The preferred gravity model is that from Baker and 
Wohlenberg (1971) which is shown in fig. 5.1a. The anomalous 
region is shaded. This model agrees well with the seismic 
model obtained by Savage and Lonq (19R5) for the Gregory rift 
at about the equator (see section 5.~2). 
5.1.2 The seism~c startinq model. 
First arrival data from local earthquakes recorded at 
Kaptagat array station show that normal sho~ld crust with 
normal sub-Moho velocities exist beneath the immediate western 
flank of the Gregory rift not farther than 50 km from the rift 
axis (~aguire and Long, 1976). The crust on the western flank 
is about 44 km thick and two layered with upper crustal, lower 
crustal and sub-~oho P-wave velocities of 5.8, 6.5 and 8.0 km/s 
respectively. 
Analysis of teleseismic bodv and surface wave data recorded 
at Lwiro on the western flank and Nairobi on the eastern flank 
suggest that the crust beneath the two flanks of the Gregory 
rift are similar and s 11ield type wj_ th an. average thickness of 
about 40 km (Bonjer et al., 1970; Mueller and Bonjer, 1973; 
Herbert and Lanqston, 1985). 
Basement rocks of velocity 5.7/5.3 km/s exist throughout 
the width 6f rift beneath volcanic sediments at about 0.5°N 
(Swain et al, 1981; King et al. 1978). The thickness of the 
5.8 km/s material is unknown but it is probably more than about 
6 km. Beneath·~ the axial zone of the Gregory rift, a high 
density mantle derived crustal intrusion is inferred from 
gravity data (see section 5.1.1). This high density intrusion 
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would be expected to have higher seismic velocities than the 
intruded crustal rocks ~n~ hence its presence could be confirmed 
by seismic refraction data. 
The refraction ~ata of Griffiths et al. (1971) has been 
used to dertuce a crustal model for the axial zone of the 
northern part of the Gregory rift. As has been discussed in 
section 1.4.4, the data were effectively unrev2rsed. From shots 
in Lake Bogoria (Hannington), a "headwave" with velocity of 
6·. 4 km/s was recorded whereas a 7. 5 km/s "headwave" was recorded 
from shots ~n Lake Turkana (Rudolf) in a similar distance range. 
This observation suggests strong lateral variation in velocity 
and/or relatively large dips on the main refractor interface. 
The d~ta could not, however, be interpreted in terms of a 
dipping refractor because it was inconsistent with large dips. 
The data was consequentlv interpreted in terms of a horizontal 
layer of material of velocity 6.4 km/s overlying a material of 
7.5 km/s at a depth of about 20 km. A velocity of 6.4 km/s is 
definitely higher than normal for the upper crust of the shield 
tyoe and establish~ent of the existence, within the upper crust, 
of material with such high velocity would support gravity inter-
pretation of the positive axial gravity ridge. However, the 
refraction data of Griffiths et al. (1971) does not establish 
the existence of a 6.4 km/s material within the upper crust. 
The data can, therefore, not be used as a seismic evidence for 
the crustal intrusion inferred from gravity data but it is not 
inconsistent with the gravity data. 
Maguire anti Long (1976) used some first arrival seismic 
data from Ka9tagat array s~ation to derive a model for the 
crust beneath the Gregory rift at about 0.5°N. They studied 
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rift events with P-.S times less·than about 15s and coming from 
the imme·:Uate east of Kaptagat. 'These events from similar 
azimuths and w.ith similar P-5 times showed two distinct statisti= 
cally seperate apparent velocities of 7.9 ± 0.3 km/s and.:. 
7.1 + 0.3 km/s. No firm explanation was given for the 7.9 km/s 
group of arrivals. 
From the 7.1 km/s orouo of arrivals, they infer the 
existence of anomalous mater:i.al (beneath the rift axis) whose 
true velocity is less th~n 7.5 km/s and probably greater than 
7.1 km/s. This material may ex~st beneath a zone of 6.4 km/s 
material inferred from exolosion data (Griffiths et al., 1971). 
No depth estimate for the toP of the 7.1-7.5 km/s material WQS 
obtained from the rtata. But the data, however, strongly 
suggests that a steep structural boundary seoerates the normal 
shield crust to the west from the anomalous rift structure to 
the east. The position and slooe of the boundary was not 
determined from the ctata. 
Savage and Long (1985) measured vertical teleseismic delay 
times for 9rofiles across the Gregory rift near the equator and 
along a SE radius of the Kenya dome.. Their mean rift model was 
based on data from stations along and across the rift between 
0 the equator and 1 s. 
For the section across the rift they observed significantly 
smaller delay times at the centre of the rift than at the edges. 
This ohservation was interpreted to indicate that anomalous 
mantle zone penetrates the crust to form an intrusion of 
relatively high velocity material along the rift axis. There 
was a clear correlation between delay time low and the axial 
Bouguer gravity high indicating that both are caused by the 
23 2 0 
same underlying structure. 
The modelling assumes a uniform crustal structure exists 
both to the east and to the west of the rift as derived from 
Kaptagat data (Maguire and Long, 1976) and that the P-wave 
-1 
velocity for the anomalous zone at crustal depths is 7.5 kms 
as recorded by Griffiths et al. (1971) along the rift axis to 
the north. With these reasonable assumptions, the width of the 
intrusion at the level of normal Moho was well defined at some 
30 kmo The delay time results, therefore, provide a further 
independent confirmation of the existence of the axial intrusion 
previously inferred from gravity and. seismic data (Baker and 
Wohlenberg, 1971; Griffiths et al 1971) o Although it is likely 
that there are lateral and vertical changes in velocity within and 
surrounding the anomalous mass, the data could not give these 
details. 
Interpretation of data from a 300 km long seismic refraction 
line along the axis of the southern portion of the Gregory rift 
{from Lake Baringo to Lake Magadi) shows a variation of up to 4 km 
in the depth to the basement (Khan et al., 1987). It also shows 
that basement velocity increases from about 6.1 krn(s at a depth 
of about 2 km to 6.25 krn/s at 10 km depth. Material of velocity 
6.35 krn(s is inferred to exist between depths of about 10 and 15 
km. Further details of this model have been· discussed in section 
1.7.4. 
On this model (Khan et al., 1987), the average crustal 
velocity from the top of the basement to a depth of about 20 km 
is 6.34 km/s. This is comparable to the 6.4 krrVs average velocity 
indicated by the data of Griffiths et al. (1971) for a similar 
depth range for_ the axial part of the northern portion of the 
rift. Such velocities for the upper crust are significantly 
. ,. 
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higher than the values (about 5.8 km(s) observed off the rift 
axis (Swain et al., 1981, Maguire and Long, 1976). The inferred 
high upper crustal velocities together with observed increase 
in velocity with depth are consistent with the theory that the 
rifting process is associated with some form of convected heat 
from below the lithosphere. 
It is to be observed that the data of Khan et al. (1987), 
although more detailed, are in broad agreement with the results of 
Griffiths et al. (1971) especially with respect to average velocitieE 
in the upper crust. The difference in velocities obtained for the 
deeper structure suggests possible variations in structure along 
as well as across the rift. 
rata from Swain et al. (19 81) , Maguire and Long (1976) and 
Savage and Long (1985) are from approximately the same E-W profile 
across the Gregory rift as the present data. They are not incon-
sistent with the data of Griffiths et al. (1971). In the present 
study, an average basement velocity of 5.8 km/s is initially 
adopted both within and outside the confines of the rift proper. 
The two dimensional seismic starting model for the crust in and 
around the Gregory rift near the equator is shown in fig. 5.lb. 
In figure 5.lc the gravity model ot Baker and Wohlenberg 
(1971) is compared with the seismic model of Savage and Long (1985}; 
the top surface of the latter is shown by the dashed line. There iE 
a broad agreement between the two models although the seismic 
model suggests a more restricted intrusion at Moho depths. 
5.2 The data. 
The epicentres Jf earthquakes part of whose records are 
used in the present study of the rift structure are shown by the 
black c~rcles in fig. 4.5a. In the present analysis for the 
study of the rift structure we use data from local rift earth-
234. 
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quakes orig:i_nating from the inm1ediate east of Kaptagat. Ray 
paths from the more distant rift events to the north and south 
may not have sampled th~ rift structure. The epicentres of the 
immediate local closein eastern rift earthquakes in relation 
to the rift structure a~d to the Bouguer gravity map of the 
region are shown in fig. 5.2a and fig. 5.2b which are reoroduced 
from fig. 4. 5b and f:i_q. 4. 6bresoecti vely. 
These eoicentres are located in a zone (within the wide 
axial Baringo trough lying between the Kamasia hills and 
Laikipia escaroment) where the axial nositive Bouguer gravity 
anomaly appears flat (fig. 5.2b). In this region, basement rocks 
(den$ity 2.7 g cm- 3 ) are overlain by over 3000 m of Miocene 
lavas ann sediments (Chapman et al., 1978) whose densities are 
in the range 2.0 to 2.26 g cm- 3 (Swain et al., 1981). These 
low density sediments (if not properly corrected for) may have 
the necessary density contrast to reasonably flatten the anomaly 
over the observed range of distance. The flat nature of the 
Positive axial anomaly could also be explained by the geometry 
of the causative intrusion; it is consistent with an intrusion 
of approximately rectangular section whose top and bottom 
surfaces are nearly horizontal as suggested by Swain et a~(1981). 
5.2.1 Comparison with the data of ~aguire and Long (1976). 
Records for the present study are drawn from the same 
source as the records used to generate the data of ~aguire and 
Long (1976). Their ~ata set is shown in fig. 5.3a. For compari-
son, the present nata is shown on the same scale in fig. 5.3b. 
'\Ale concentrate on the closein immediate eastern rift events for 
the study of the rift structure. 
The aooarent velocities observe~ in the present analysis 
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are all in the range 6.9 - 7.5 km/s and the epicentres cover 
an azimuthal range 74° to 114°. The data of Maguire and Long 
(1976) cover about the same range of distance and an azimuthal 
range of about 513° to 122°; their measured apparent velocities 
are in the range 6.6 km/s to 9.1 km/s (fig. 5.3a). The events 
used by these authors may, however, be divided into two groups 
with mean velocit~es of 7.1 ± 0.1 k~/s and 7.9 ± 0.3 km/s 
which are statistically seperate at the 99% confidence level. 
Four events with first arrival anParent velocities of 7.8, 7.8, 
7.9 and 8.1 km/s make up their 7.9 + 0.3 km/s group of events. 
The 7.9 km/s group of events is not observed in the Present 
study where measured apparent velocities were all less than or 
equal to 7.5 km/s. 
The two sets of data thus show higher than normal apparent 
velocities for small epicentral "listances (about 60-70 km). One 
conspf'c·ub'us difference between the two sets of data, however, is 
that aPParent velocities greater than 7.5 km/s are not observed 
iri the present data. It is necessary to find out if this 
difference is real or apparent. 
One possible explanation for this difference is the improved 
precision of the present measurements. In the present study, 
only records that met the stringent requirements for velocity 
filtering were analysed. One requirement was that the seismo-
grams must have a high signal to noise ratio. This requirement 
ensured high fidelity analogue to digital conversion without 
the need for frequency filtering nrior to digitization. 
Secondly, records with imnulsive first arrival onsets 
(see flq. 4. 1) were se lecteo.. On such seismograms, the 
direction of first motion was seen clearly and any inversion 
24 2. 
before nrocessing was carried out with confidence. There was 
also the requirement that ~he array record must have sufficient 
number of operating seismometers on each arm of the array to 
ensure improved resolution in anparent velocity and azimuth 
determinations. 
These requirements were satisfied on only eleven local 
rift events to the imrner1iate east of Kaptagat. The records of 
these events \-Tere subsequently analysed. With these restrictions, 
the measurement e~rors in the first arrival apparent velocity 
in this study had a 95% confidence limit of ~ 0.2 km/s for most 
of the events. Only one event had a measurement error of up 
to± 0.5 km/s in first arrival apparent velocity (see table 
3.11). ~aguire ann Long (1976) claim a corresponding average 
measurement error of± 0.5 km/s for 52% of the events. The 
rest had errors greater than± 0.5 km/s but less than+ 1.0 
km/s. The imoroved measurement precision of the present study 
may explain the fact that the 7.9 + 0.3 km/s group of arrivals 
was not observed. 
The oresent data covers a narrower azimuthal range 
(74° to 114°) than the data of Maguire and Long (58° to 122°). 
This may partly explain the difference in the ranges of 
measured apparent velocities. For example a 7.8 km/s observed 
by these authors (fig. 5.3a) is for an epicentre outside the 
range of azimuth covered in this study. 
It was not possible to identify the particular events 
whose records ~,.,rere studied by ~1aguire and Long (1976). The 
present analysis may not, therefore, be looking at the same 
events studied by these authors. The four events from which 
they obtained first arrival apparent velocities in the range 
24 3 0 
7.8 to 8.1 km/s may not have been orocessed in this study. 
To summarize, because of the improved precision of the 
present data, it is orobable that the existence of the 7.9 km/s 
group of arrivals may be more apparent than real. 
5.2.2 Velocity/P-X time relationship. 
First arrival phase velocities (V) are plotted against P-X 
times (T) in fig. 5.4. The estimated measurement errors in V 
are indicated. Numbers against plotted points represent the 
corresponding first arrival measured apparent azimuths in 
degrees. 
The linear correlation coefficient, r, between V and T 
calculated for the 11 observations is -0.434. To find out if 
there is a statistically significant linear relationship 
between V and T, this c~lculated ~alue of r is tested against 
a null hypothesis Ht» ( P:. o) using a t-statistic 
t = r v 2 (n-2)/(1-r ) 
with n-2 degrees of freedom (d. f.) and with p representing the 
population correlation coefficient. Because the alternative 
hypothesis is H (p < o), one-tailed test is used. For the 
a 
present data with 11 observations (i.e. 9 d.f.), the calculated 
value oft is -1.443. At the 5% level of significance, the 
table value oft for 9 d.f. is -1.833 which has a magnitude 
greater than that of the calculated t. The calculated t does 
not, therefore, lie within the critical or rejection region. 
Hence the null hypothesis can not be rejected at the 
stated level of significance. There is, therefore, no 
significant linear relationship between first arrival apparent 
surface velocity and P-X time at the 95% confidence level. 
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The same conclusion is arrive~ at by considering the 
regression line (line AB of fig. 5.4) of V on T of the form 
V = a + bT 
where a and b are constants whose estimated values are 7.891 
2 
+ 1.162 km/s and -0.078 ~ 0.123 km/s respectively. Error 
estimates are 95% confidence limits; The error limits on 
slope are -0.201 and + 0.045 km/s 2 i the. value zero is 
contained within these limits thus confirming that there is 
no significant linear relationship between V and T for the 
.whole set of 11 observations. The 95% confidence limits for 
the mean of these ll first arrival apparent velocity measure-
ments are 7.2 ± 0.2 km/s. 
A closer inscection of fig. 5.4, however, shows that the 
data could be divided into two groups. The first group is 
for P-X times from 8.ls to 9.7s and contains seven events. 
In this range of P-X times, apoarent surface velocity seems to 
increase with P-X time (line CD, fig. 5.4). The coefficient of 
linear correlation between V and T is 0.81. For 5 degrees of 
freedom this gives a calculated t-statistic of 3.06. The 
corresponding table value of t using a one-tailed test at 
2.5% significance level is 2.57. This is smaller than the 
calculated value and so puts the calculated t within the 
critical/rejection region at 2.5% significance level. The 
null hypothesis can thus be rejected at this level. There is 
thus a significant linear relationship between V and T at the 
95% significance level. 
A straight line of best least squares fit to the data in 
this group has a slope of 0.25 ± 0.18 km/s 2 and an intercept 
24 6. 
of 5.1~ + 1.59 km/s. ~rror estimates are 95% confidence limits. 
2 Limits on slope are 0.07 anrl 0.43 km/s and do not enclose the 
value zero. This eguivalentlv confirms significant linear 
relationship between velocity and P-X time. The mean first 
arrival velocity fo~ events in this group is 7.3 + 0.2 km/s 
at 95% confidence level. 
The second group of events (4 observations) has P-X times 
from 9.Rs to 11.7s. For this group, the correlation coefficient 
between V and T is -0.42. For 2 degrees of freedom, this gives 
a calculated t-statistic of·-0.651. The corresponding table 
value of t for a one-tailed test at 2.5% significance level 
is -4.30 thus putting the calculated t not within the critical 
region. The null hyuothesis can not be rejected at this level 
of significance. For this groun of events, there is, therefore, 
no significant linear variation of velocity with P-X time at the 
97.5% significance level. This conclusion is also confirmed by 
the line of best least squares fit (line EF) through the data. 
This line has a slope of -0.03 ~ 0.19 km/s 2 and an intercept 
of 7.26 km/s·. Frror estimates are 95% confidence limits. The 
95% confidence limits for the mean velocity in this group is 
7.0 + 0.1 km/s. 
From fi9• 5.4, line CD suggests that as P-X time increases 
from about '3. 1 s to 9. 7 s, ·the first arrival ohase velocity 
increases from about 7.1 km/s to about 7.5 km/s. Line EF 
suggests that as P-X time increases from about 9.7s to 11.7s, 
the velocity remains constant at about 7.0 km/s. It will be 
shown later (section 5.7) that, taken together, lines CD and 
EP would suggest the existence of a layer in which seismic 
velocity increases with depth overlying a constant velocity 
24 7 • 
refractor. 
5.2.3 Distance/azimuth relationship. 
A clot of P-X time (T) against azimuth (~) is shown in 
fig. 5.5. Numbers against olotte~ points represent measured 
first arrival phase velocities in km/s. We wish to find out 
~f there is any significant linear relationship between azimuth 
and T (and hence aistance). 
The coefficient of linear correlation, r, between T and ~ 
for the data of fig. 5.5 is 0.65 giving a calculated t value 
of 2.59 for 9 d.f. The table value of t for a one-tailed test 
and 9 d.f. at 2.5% level of significance is 2.262. The 
calculated t is thus located within the critical/rejection 
region and the null hyoothesis of no significant linear 
relationship can be rejected at 0.025 level of significance. 
A significant linear variation of P-X time (and hence distance) 
with azimuth is thus established at 97.5% level of significance. 
The estimate of r from the data of fig. 5.5 gives a 
disproportionately heavy weight to the last point with a T value 
of 11.7s. The value of r estimated for the other 10 observations 
is 0.51 and the corresoonding calculated tis 1.6B for 9 d.f. 
Table value oft using a one-tailed test and q d.f. is 1.397 at 
10% level of signifjcanc~. This indicates that there is a 
significant li~ear relationship between distance and azimuth 
at the 90% level of significance. 
A regression line of T on 9 for the 11 observations has 
-1 95% confidence limits of 0.063 + 0.061s deg on slope and 
2.63 + 5.96s on interceot. This linear variation of distance 
with azimuth can be partly explained by the swing of the axial 
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trough of the rift towards the east at the latitude of Kaptagat 
(see fig. 4.5b). The eoicentres are located approximately 
within this trough with azimuth increasing from 74° to 114°. 
,2.4 Velocity/azimuth rel<~tionshiD. 
In fig. 5.6a1 measured first arrival apoarent velocity, V, 
is plotted against azimuth, -8-. The numbers against the plotted 
points are P-X times in seconds. 
The linear correlation coeffi6ient, r, between V and 9 
is -0.14~ this gives a calculated t value (for 9 d.£.) of -0.41. 
From the tables the t statistic using a one-tai_led test and 
9.d.f. is -1.83 at the 0.05 level of significance. The 
calculated value of t is, therefore, clearly not within the 
critical/rejection regj.on; the null hypothesis of no linear 
relationship between V and 8- is acceoted at the 95% level of 
significance. The 95% confidence limits for the slope of a 
straight line of best least squares fit to the data is 0.003 
+ 0.014 km s- 1 deg-1 which again confirms the suggestion of 
no significant linear relationshiu between V and 8- since the 
limits include the value zero. 
0 . 
With the exception of one event from an azimuth of 106 ,· 
all measured first arrival apoarent velocities greater than or 
-1 0 
equal to 7.2 kms are observed within the azimuthal range 87 _ 
0 to 95 • The spread of the Bata points in fig. 5.6Q 1 therefore, 
suggests a sinusoidal relationship of the form 
V = A + B Cos (9-9 ) 
0 
where A, B ann 9 are constants. This equation is 
0 
equivalent to a relation of t~e form 
V = A + C Cos 9 + D sin 8-
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where C and D are other constants related to B and 
9 . For the data of fig. 5.6aJ the multiple regression 
0 
best least squares straight line of V upon sin & and cos 
e as independent variables gives estimates of 0.86 km/s 
for A, -0.41 ~ 0.31 km/s for C and 6.42 + 2.75 km/s for 
D. Limits are estimates of standard error. From the 
values of C and D, estimates of B and 9 are obtained as 
0 
6.43 + 2.74 km/s and about 94 ~ 3° resoectively. This 
relationship, which is valid only within the range of 
distance and azimuth covered in the present data, is 
represented by the curve P0~ in fig. 5.6a. 
This sinusoi~al variation of apparent velocity 
with azimuth shows that apparent velocity has a maximum 
value of about 7.3 km/s in a direction of about N94°E 
of Kaptagat which is a direction approximately normal 
to the rift profile at this latitude. It is, in fact, 
shown below that this maximum apparent velocity occurs 
along the rift axis. 
In fig. 5.2b, the rift axis is taken as the line AB 
which represents the axis of the positive gravity high. 
Normal distances, x, of the epicentres from line AB and 
the corresponding apparent surface velocities, V, shown 
in table 5.1 are plotted in fig. 5.6b. The plot 
Event 
number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
l'brmal dist.ance 
(x) of epi~ 
centre from 
the rjft axis (km) 
-9.0 
"'"'8.2 
-·7. 4 
-12.3 
-1.6 
r..o 
4.0 
A 
. 1 
8.2 
10.7 
16.4 
:5'irst arrivc:l 
apparent surface 
velocity in 
km/s 
7.1 
7.2 
7.3 
7.0 
7.3 
7.5 
7.5 
7.0 
6.9 
7.0 
6.9 
Table 5 .1 l\brmal d:i.stances of er.icentres measured 
from the rift axis, nositive to the east 
and negative to the west. 
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suggests a relationship of the form 
where a , a. and a 2 .:ue constants. For the best least 0 1 
squares curve (ABC in fig. 5.6b) a
0
v a 1 and 0 2 were found 
to have the values 7.289 km/s, -0.00273 + 0.00667 s-1 
-1 -1 
and -0.00174 + 0.00077 km s respectively. Error 
estimates are standard errors. This relationship isv 
of course, applicable to the region covered by the data. 
It is evident .f'rom curve ABC that the maximum apparent 
velocity of about 7.3 km/s is bbtained at the rift axis, 
that is where x is about zero. 
The inferred variation of velocity with azimuth is 
consistent with the existence of a ~lane dipping 
refractor (dipping up towards the east) whose direction 
of maximum dip, as seen from Kaptagat, is about 94° east 
of north. The decrease in apparent velocity to the north 
and south of this direction could be explained by a 
decrease of apparent dio towards these directions. 
The variation of velocity with azimuth shows some 
symmetry with respect to the rift. The apparent velocity, 
as seen from Kaptagat, decreases to the north and to the 
south of a direction about normal to the rift axis at the 
latitude of Kaotagat. This could suggest attenuation of 
the possible causative intrusive body in these directions 
but could also have other alternative explanations. 
5.2.5 Conclusions and inferences. 
It has been shown (section 5.~.2) that for the data taken 
255. 
as a whcle, there is no significant linear relationship between 
apparent velocity and distance. This suggests that the first 
arrivals could be headwaves from a nearly horizontal boundary. 
However, from fiq. 5.4, the data could be fitted with 
lines CD and EF suggesting a distance range over which apparent 
velocity increases with distance followed by another range of 
distance over which apparent velocity remains constant. It 
will be shown later (section 5. 7. 3) that this c1.ata set could be 
explained in terms of a layer in which rock velocity increases 
with deeth underlain by a constant velocity refractor. This 
is an oversimplified model since lateral as well as vertical 
variation in velocity seem more realistic. Such a realistic 
model may not, however, be constrained by the present data. 
Significant linear relationshiP between distance and 
azimuth (section 5.2.3) suggests that the epicentres follow 
the trend and swing of the axial part of the rift to the 
south east at the latitude of Kaptagat (fig. 5.2a). This 
observation tends to suoport the suggestion that these are 
rift events most of which are probably located within the rift 
axis. 
A possihle sinusoidal relationship between apparent 
velocity and azimuth (section 5.2.4) suggests that apparent 
velocity has a maximum value C)f 7.3 + 0.3 km/s at an azimuth 
0 
of about 94 from Kaptagat. The aooarent velocity then 
decreases to about 5.9 km/s as azimuth changes by about 20° 
on either side of 94°. This observation could arise from a 
plane dipping refractor with the direction of maximum dip as 
seen from Kaptagat beir!~l at an azimuth of ~ 4 °. This velocity I 
256. 
azimuth relationship could also result from the attenuation of 
a possible causative intrusive body to the north and south of 
the central part of the rift axis. Other explanations are, 
of course, als6 oossible. 
5. 3 Discuss·ion·s on focal Cl_epth and the effect of shallow structures 
close to Kactagat. 
Assuming the crustal model of Maguire and Long (1976) 
extends to the whole region, rays can be traced back from 
Kaptagat using apparent velocity to determine the angle of th~ 
ray to the vertical under the station. Distances estimated from 
P-X times are used as nath distances to locate foci on this 
model (fig. 5.7). It is found that all foci would locate below 
the intermediate boundary and above the Moho. The foci ,...,ould 
all lie directly benecth the axial part of the rift (i.e. below 
AB in fig. 5.7) at depths ranging from about 31 km to 43 km. 
Such large focal depths are unlikely beneath the central 
cart of the Gregory rlft where the eoicentres in this study 
are locate0.. Geological and geophysical evidence in support 
of much s~allower foci have b8en discussed in section 4.5. 
It was shown that the epicentres are located within the axial 
:oart of the rift "-'here heat flow, seismic, gravity and 
geomagnetic deep sounding data are all consistent-with the 
existence of partial melts in ~ocks at depths of 5 to 20 km 
and probably nearer 5 km than 20 km. The -inferred hot crustal 
not 
zone of partial melt coulrlLbe exnected to store enough strain 
energy to g~nerate the observed tectonic earthquakes. Focal 
depths would, therefore, be excected to be limited to values 
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less than about 20 km. F' or example most of the local events 
located within Lake Bogoria (Hannington) have focal depths not 
exceeding 14 km ·.(Maguire ct al. , 19 8~) . A most probable depth of 
about 5 krn is estimated for the geothermal prospect areas near 
Lakes Bogoria and Naivasha (Hamilton et al., 1973) within the 
axial part of the rift. This appears to be supported by the 
analysis of second arrival data in this study (section 6.3.2) 
which suggests that focal depths could be of the order of 4 km. 
From the foregoing, it is evident that focal depths of 
about 31 to 43 km for the survey area are highly improbable. 
The first arrivals are, therefore, unlikely to be direct waves 
coming in from the normal shield crust. 
These arrivals are also unlikely to be headwaves from the 
intermediate layer of the normal shield crust. The observed 
average apparent velocity of 7.2 + 0.2 km/s is significantly 
higher than the 6.5 ~ 0.3 knis estimated for the intermediate 
layer (Maguire and Long, 1976). Secondly, the observed 
distances for majority of the events in the present analysis 
fall below the critical distance for headwaves from the inter-
mediate layer of the normal shield crust assuming realistic 
shallow focus. For example, in the azimuth range of about 
94 + 10° there are six events whose estimated distances are 
within the range• 59 to 73 km. Five of these have distances 
in the range 59 to 67 km. However, for normal sheild. crust, 
the critical distance for headwaves from the intermediate 
layer decreases from 103 km through 83 km to 73 km as focal 
depth increases from 0 km through 10 km to 15 krn. The 
observed arrivals are therefore unlikely to be headwaves 
from the intermediate layer or the Moho of a normal 
shield crust. T~e arrivals are also probably not reflections 
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from the normal shield crust because it is difficult to explain 
a situation where reflections come in as first arrivals preced~ 
ing direct waves. ~he conclusion to be drawn from the discuss= 
ions above is that the normal shield structure has been modified 
in a region somewhere to the east of Kaptagat. 
But one of the arguments leading to this conclusion hinges 
on the unusually ~igh first arrival ap?arent velocities observed 
in the region of studv where foci are expected to be shallow. 
Swain et al. (1981) tried to explain these high apparent 
velocities not in terms of modification of the normal shield 
structure but as a result of bending of rays towards the 
vertical by lateral heterogeneity of very shallow structures 
in the vicinity of the station. These structures could have 
the effect of deflecting the incoming rays in such a way that 
thev arrive Kaptagat at steen angles suggested by the observed 
high apparent velocities. 
One such structure was suqgested by Swain et al. (1981}. 
These authors internrete0 the seismic refraction data (Wilton, 
1977) from a 50 km E-t~T J.ine between Lake Baringo (B) and 
Chebloch Gorge(C) at about latitude Oo5°N (fig. 5.8). Using 
this as control they interpreted an isostatic anomaly profile 
which includes the seismic line. For their interpretation 
(fig. 5.8) they use"! the Nafe-Drake (1963) relation between 
density anrl velocity to convert their measured velocities of 
-1 -1 5.7 kms (basement) and 2.35 kms (Baringo sediments) to 
-3 densities of 2.7 and 2.0 gem resoectively. ,The Kaparaina 
basalts underlying the ~aringo se~iments and the Miocene -
early Pliocene phonolite trachyte sequence were assigned 
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-3 densities of 2.7 and 2.46 gem resoectively. For the basement 
-3 
west of Elgego fault, n ~ensity of 2.81 gem was adopted. 
Density information was obtained from orevious ref~renc~d 
workers. These densities are shown in fig. 5.(). 
-3 Their qravity data required a low density (2.6 gem ) 
material within the hasement beneath the western Kamasia dip 
slope. The aut~ors then suggest that this density contrast 
between the basement rocks on either side of the Elgeyo fault 
would result in contrast in seismic velocities across the fault 
face. The seismic contrast will, in turn, cause seismic rays 
to be deflected steeply u~wards at the fault ~lane giving rise 
to the high apparent velocities observed at Kaptagat for the 
immediate local eastern rift events. 
We have here used Nafe-Drake (1963) curve to convert the 
densities in the mo~el of Swaj.n et al. (1981) into seismic 
velocities (the numbers shown in brackets). For the basement 
west of Elgeyo fault, the established velocity of 5.8 + 0.2 
kms-1 (Maguire and Long, 1976) has been adopted. 
The angle of emergence, ~' for a plane wave front arriving 
at Kaptagat is given by sin ~ = 
,, 
·;v where Vis the velocity of 
a 
the basement rock i~mediately beneath the array station (i.e. 
S.A + 0.2 kms-1 ) and v is the observed phase velocity. The 
a 
range of measured values of V 
. a 
-1 is 6.9 ± 0.2 to 7.5 ~ 0.2 kms 
(estimates are 95% confiden~e limits.) Consequently the limits 
of V and V including the measurement errors are 5.6 to 6.0 kms-1 
a 
and 6.7 to 7.7 k~s- 1 , respectively. It follows that the limits 
suggested by the uncertainties in the measurements are defined 
TT 5·6 
to v/V ratios of /7.7 and 
a 
by the extreme rays corresponding 
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6 ~ 0 /6.7 respectively. The coiresponding limiting angles of 
0 . 0 
emergence at Kaptaqnt are about 47 and 64 resPectively; 
the corresponding rays are rePresented by P and Sin fig. 5.8. 
But the actual observed apparent velocities correspond to rays 
contained in the bundle ~R. 
None of the observed rays intersects the boundary demar-
eating the low density material introduced by Swain et al (1981) 
within the basement to explain their gravity data. The limit-
ing ray S which cuts the low density body suffers a deviation 
of 4° at the fault face and a further deviation of 9°, in the 
same direction, at the base of the low densitv body. The 
resulting total deviation of 13° gives rise to an increase in 
-1 -1 
apparent velocity from 6.0 kms to 6.5 ~ms . A ray about 
half way between R and S just hits the low density body and 
suffers a deviation so t~at the angle of emergence decreases 
from about 74° to about 61° suggesting an increase in apparent 
-1 -1 
velocity from about 6.0 ~ms i:o 6.6 kms • Our measured 
-1 
velocities are all in the range 6.9 ~ Q.2 to 7.5 + 0.2 kms 
and can not, therefore, be explained by the refraction in the 
low density body as suggested by Swain et al. (1981). 
The low density body could be made to intersect all the 
observed rays if the bottom surface were moved down to a depth 
of about 19 km or the ray paths crossed a region of increase of 
velocity with resPect to denth. Current models of the shidd 
crust have such an increase. .A. structure in which the low 
density body extends to a denth of about 19 km is unrealistic 
and untenable for this region; even if such a low density body 
existed the consequent decrease in density/velocity contrast 
would imply still smaller amounts of ray deviation. 
2 63 • 
It is important to note that the low density material 
suggested by Swain ct al. (19ql) in their gravity interpretation 
was not reflected in their seismic interpretation of the same 
profile. Gravity interpretation is non-unique and the details 
of their model depend heavily on densities determined from 
surface rocks. 
It is, ~herefore, conclu~ed that the observed first arrival 
phase velocities could not be fully explained by the presence 
lateral heterogeneity of shallow structures in the vicinity of 
~aptagat. It has also been shown that the arrivals are unlikely 
to be reflections, direct waves or headwaves coming in from 
the normal shield crust. It is reasonable to conclude, there-
fore, that the structure of the crust has been modified in a 
region somewhere to the east of Kaptagat. 
5.4 Internretation of first arrival data tn terms of plane layered 
models • 
. 4.1. Introduction. 
It has been sugoested (section 5.2.5) that the first 
arrival dat'a could. be interpreted as headwaves from a nearly· 
horizontal refractor. Because of the sinusoidal variation 
of apparent velocity with azimuth, the data could also be 
interpreted in terms of headwaves from a plane dipping boundary. 
From fig. 5.4 and section 5.2.1, it was argued that the data 
could be exnlained in terms of a layer in which velocity 
increased with depth overlying a constant velocity refractor. 
Each of these possibilities would now be discussed in turn. 
264 • 
i. 2 Two layer tlahLmt,de~:_~i th horizontal bounda:t:}:a 
From fig. 5.3, it is shown that the linear variation of 
apparEnt velocitv witl:1 P-X t.imes (and hence djstance) for the 
data set as a \!-:hole is not sic;nificc..nt at the 95% level. 
These first ardvals could therefore be treated, to a first 
approximation, as hcaclwuvcs from a hor izontc:.l re.fractor under-
l~·ins a top laver of rock velocity 5.8 + 0.2 knVs (Maguire and 
Icng, 1976; Swain et al., 1.981). In the present st.udy, the 
measured first arrival annarent velocity has a mean value of 
7.2 .±. 0.2 krn/s (error estimates are 95% confidence limits). 
This value af velocity can be taken as an estimate of the 
refractor velocity in the:: oreser.t two layer int.eq:.retation. 
With ton and lower layer vel.oci ties of the model establishea, 
it is now necessc.ry to esti,nab~ thE depth, H, to the refract.,.. 
ing boundary. Fstimc..te of P depends on foccd depth, h, which 
is not known oreciselv. 
'lb estimate H we proceed as follows. Assumins the ray 
paths c.re all in the 5.8 km/s J.ayer, rays are trace~ ~~ck 
from Fautagat t.C' t'-'.e foci 11':;~ ng rlj stances estimated fron P~·X 
times as focal distctnces. 'T'he feci <J.re located as shovm by the 
black circles in fig. 5.9a. The open circles correspond to 
distance estimates based on identif~in~ arrivals 'X' as surface 
waves. For the hlac:~-: circles, foci are fcund. to lie in the 
deptt. range 34 to 48 km. 
Since tt..e arrivals are all bejng interpretEd as head 
waves from shallow foci, the refrccting boundary could not be 
deeper than thE: sha llov·Jes t focus (atout. 3 4 km) . If the refract-
ing boundary were dE"":eper than the shallov;est focus, the arriv2.l 
from that focus vmuld bE.come a direct v:avE· cont<rary to the 
1.1"\ 
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proposition that all ths arrivals are headwaves. It is 1 there-
fore, estimated that the ~epth to the refractor could not be 
greater t.han 34 km. At this maximum depth the refract.or rrust 
extend to witt.in S2 km east of Yar.tagat cr to within 37 k.m ec.st 
cf the E!Lgeyo escarpmE':nt rounding the rift to the west. From 
tte open circles, the estimate of the maximum depth to the 
refractor is 30 km. At this denth tte refractor extends to no 
farther than about 46 km from Kaptagat (fig. 5.9a). 
'II::· obt.ain a better control on estimate of maximum depth 
to the refracter, use is made of the fact t.hat the arrivals are 
being interpretec. ·as f:eadwaves. The~ epi.central distances, 6. , 
deduced from P-X times rr:ust, therefore, all lie at or beyond 
the: crit~.cal distance fer hE:adwaves from the refracting 
boundary at a denth P. ~or uoner and lower layer model 
velocities of V 1 and V 2 anc a focal depth h, tt.is condition is 
fulfilled if 
h 
H 6 2 (5 .1) 
In the ore sent 2nalysis, the ty:oical est.imuted epicentra 1 
distance in the east -wE·st direction is about 6 0 km which is the 
mean distance for the four closest events. On substituting this 
value fer 6. in equatio~ (5.1) we obtain the denendence of 
maximum refractor depth, H , on focal denth, h. 
m 
It is found that 
as focal depth increases from 0 to 20 km, the maximum refractcr 
depth, Hm increases from 22 to 32 km. At. a fecal depth of 5 km, 
the maximum refractor depth is 25 km. Jf the 'X' arrivals were 
regarded as surface w2.ves, the minimum estimat.ed epicentral 
distance would be 54 km. This shows from equat]on (5.1) 
267 0 
that as focal depth increases from 0 to 20 km, H increases 
- m 
from 20 to 30 km. This estimate differs from the previous 
estimate by anly 2 km. It should be pointed out that the 
minimum eoicentral distance estimated in this study may be 
much larger than the actual critical distance for the model 
representing the real structure. The present limits calculated 
here for the maximu~ refractor depth H may be, therefore, 
m 
probably overestimates. 
Further control on estimate of H may be obtained from 
m 
the fact that the arrivals under study are considered first 
arrival headwaves. The onset of t~ese headwave arrivals 
must, therefore, precede direct ~vaves onset in time o The 
observed distances must, therefore, all fall at or beyond the 
crossover distance for these two chases. This condition is 
satisfied if the refractor deDth H satisfies the relation 
h + 2 0 0 0 0 0 
Substttuting the minimum estimated distance of 60 km 
{50 2) 
and values of 5.8 k~/s and 7.2 km/s for v1 and v2 in equation 
{5o2), the dependence of maximum refractor.depth, H on focal 
m 
depth is obtained {fiq. 5.9b)• -It is found that as focal depth 
increase~ from 0 to 20 km, H increased from 10 km to 23 km. 
m 
Lines A, B,C ann Din fig. 5.qQgive maximum values of refractor 
depth for focal depths of 0, 5, 15 and 20 km respectively. 
The corresponding estimate of H based on distances{6) 
- m 
estimated by identifying "X" arrivals as surface waves is :':ound to 
increase from 9 km to 22 km as focal depth increased from 0 
to 20 kmo This- shows that the correct identification of the 
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chase of 'X' arrivRls is not critical in estimating H . 
m 
At focal depth of 5 km, H is 13 km. At this value of H 
m m 
it is found (fig. 5. (jo..) t.hat the refractor must extend west to 
e<1st 
at least within 20 km,nf Kaptagat station, that is to within 
5 km east of the western bounc'lary fault of the rift. An 
error of 5 km in epicentral oistance introduces an error of 
no more than 1 km in the estimate of H'i11at a focal depth of 5 km. 
A reasonable uooer limit to the focal depth in the region 
of the present study is probably about 15 km (see discussions 
in sections 4.5 and 5.3). At this focal rlepth, the maximum 
depth to the refractor in the model ts about 19 km (line C in 
fig. 5.4a)o At this focal depth, the refractor must extend to 
within 35 km east of the station or 20 km east of the Elgeyo 
escarpment. 
In the discussions above, estimates of the maximum depth 
to the refractor have been made. Available data could be used 
·to estimate the minimum depth to the refractor. Explosion 
refraction data show that at the latitude of Kaptagat, base-
ment rocks with P-wave velocity of 5.7/5.8 km/s exist beneath 
the entire ~ridth of the rift floor to a dePth of at least 6 km 
for ooints along a 50 km E-vT Profile extending from Chebloch 
gorge to Lake Baringo (Swain et al, 1981). This is consistent 
with the observation that basement rocks outcrop in some 
locations within this Part of the Gregory rift (Chapman et al., 
19713). 
The seismic profile of Swain and others .(1981) is con-
tained within the azimuthal range 76° to 83° from Kaptagat and 
27 0 0 
covers a distance range of 21 km to 67 km from Kaptagat. The 
present data set covers an azimuthal range 74° to 114° with 
six of the eleven epicentres, located within an azimuthal range 
74° to 95°. Epicentral distances in this study are in the 
range 59 km to 84 km (with east-west component of distance in 
the range 58 to 75 km) from Kaptagat. The two surveys thus 
overlap to an appreciable extent and it is reasonable to 
assume that they sample the same structure. 
Hence the minimum depth to the refractor in the two-
layer plane horizontal model proposed here will be taken as 
6 km. At this value of refractor depth, the refractor would 
extend westwards to within ll km east of Kaptagat or upto 4 km 
west of the Elgeyo fault. 
To provide a rough check on the order of magnitude of the 
estimates for the refractor depth, measured P-X times were 
used as P-S times (t) noting, however, that P-X times over-
estimates P-S times {t) and hence H. 
By considering the P-S times, t, for headwave arrivals, 
the depth H to the horizontal refracting boundary in our two-
layer model is given by 
H = ~h + t { R-1 
The sumbols retain their already defined meanings. :Iegarding 
271. 
measured F-X times as t an~ takinG distances estim~ted from 
P-X times as tJ,, tre expression cbove was used to calcnlate 
a value for H from each of the 11 measured ti.mes. It was 
found that caJ.culated values of H ranged from 15.9 to 20.1 km 
with a mean of 17 + 1 km (error estimate is standard devlation ~. 
This is 8f the same crder 0f magnitude 2s U:.e estimates glven 
above and in oarti cu:l.ar c:grees very well with Pl estimated for 
m 
a focal depth of 10 km. 
To st:mmarize, it is rest.ated that the estimate of maximum 
deptt. to the refractor deoends on t.he focal depth. The 
maximum depth to the. refractor increc.ses from about 10 to 23 km 
as fecal depth increases from 0 to 20 km (fig. 5.9b). The 
minimum depth to the refractor is estimated at about 6 km. 
It follows, therefore, from fig. 5.9b, that at a focal depth 
of 5 km the refractcr would lie in the dept.h rc.nge 5 km to 
13 km. For a focal depth of 10 km the deuth range for t~e 
refractor would be 6 km to 16 km. 
~he last section assumed a horizontal interface. ~e now 
consider the possibility of a qentle din on that int~rface. 
Consider a T)lane refracting bormdary (fig. 5. 9c ) dipping down 
(with d:tp a) from the rift axis to\liards Kaptagat and let the: 
boundary seoerate reck layers of P.,..wave velocities v 1 and v 2 • 
Le!t the ray aoproachins Yantagat station make an angle,e, witt. 
the vertical at tbe station. ~ the measured apparent velocity. 
is V, then 
and 
s· -1 ( v 1 ) e = kJ.n ,1 
a = e - sin- J r. v 1· J . V I 2 
. 
N 
r--
N 
: ·. --......A 
. . .......... . 
·L ····· ~ . :,....... .. . . . 
. . 
. " 
OR 
...................................................... =~~, : 
.. 
.. 
: ·h 
.. 
.. 
•' 
. . ... . . ... . . . . .. . . . . . . . . . . .. . . ·~·· .... 'y· .... ... ~~f 
B ... .... . . . ~,\:,. .............. a···· ....... -~: : :. :.: . . . . z ' :7 ' : / : '· d 
: ~ :~ 'i' ' v ___Jl-
. /. \ ~__..,_..- ~ 
. ~~:--- D "-~------- 0 \.., '12 
- ~\ ; 
: ";, Fig- 5-9c·. Ray paths for head waves travelling down dip from focus to station-
D 
·-:;:,<~~~ .ll._--
.. - " 
:: " 
=-· -" 
. . ' 
,bto "" 
'7 • 
j~ 
. . . 
.... 
-.. 
....... 
0 •• 
·,, 
Fig· 5·9d:Ray paths for head waves travelling-up dip 
from foe us to stat ion-
·-.... 
..... 
. ..... .. 
... 
.-: ,., 
:· '. ~ ... 
.-, 
: .. 
0... r ~----- --··· 
.. i"i . - -· -~. .· ~-. . .. .. · .. 
. .. ·-· 
... -'(: : 
...... 
:Z 
. . . 
- . . 
D i: 
..._ 
/ 
273. 
In the present study (with V 1 = 5o 8 .km/ s ) , e increases frcm 
50. G0 ·to 57.2° as V deere <t:;c:; frow 7. 'J to 6. 9 km/ s. The mean 
0 
value of V is 7.2 krn/s corres)X)nding to a mean value of 53.7 
£or e. Vu.lues of tlte dip ct u.s u. funct.lor .. of V 2 u.re shown in 
fig. 5.10 for v 2 in t.he ran<;e 5.9 to 8.6 km/s and wi.th e fixed 
t r:--. 70 a :J.:.·. o 
F~om fig. 5.10, it is found that all refractor velocities 
W 2 ) equul to or greater thc:.n 5. 9 km/ s could give the observed 
mean value of e = 53.7° orov:Lded thE: corresponding refre>.ctor 
dips are as giver, in that :ftqure. lt is found that as v2 
increased from 5. 9 to 7. 2 km/s, the corres,~;ond.ir.q refractor dip 
up v-:est from the rift F.Jxis decrease·:] fr~m 26° to 0° .. 
For refractor velocities greater t.han 7. 2 km/s the data is 
cons-istent with a refrz;ctc:r dipDing up from Faptagat towards the 
rift. axis. lli this case, arr the refractor velocity increased 
above 7. 2 km/s, the cUp j_ncreased from 0° ·to no more than ?.bout 
11° for refrac~or velocity of 8.6 km/s. Tf we associate the 
refracting interface with the upper surface of the: intrusive zon~i'·' ~- · 
such gentle dip would not 1.:-e inconsistent vii th c;ravity and seJsmic · 
data which indicate the. t the mantle derived crustal intrusion 
shc:;llows towards thE: rift axis. ·Refractor velocj_ ties al:x:>ve 
about. 7. I km/ s would, u--.erefore, seem probable c nd are supported 
by tt.e explosion data of Griffiths et al. (1971 ~. 
These authors sr,o t a lcng refractj on profile along the 
rift. axis from Lake 'l'urkana (Rudolf) .in the ·north to Lake 
B:>goria (Rlnr..ington) in the south. 'J?hey observed a maximum 
velocity of 7.5 krn/s althou<:_rh tl--_eir 367 km profile was long 
enough to detect an e.o km/s refractor if such material existed 
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within the axial zone of the rift. From a 300 km long seismic 
refraction profile along the axis of the southern portion of the 
Gregory rift (with end shot points at Lakes Baringo and Magadi), 
a maximum rock velocity of 7.6 knis was observed at a depth of 
about 35 km (Khan et al.,. 1987). These observations suggest 
that, in our simple two layer model for the rift, refractor 
velocities greater than about 7.5 knis are improbable. 
The existence of material with such anamalous velocitiesin 
the region of the present study is supported by slowness and 
delay time teleseismic data (Long and Backhouse,1976). Their 
data is consistent with the existence of a low velocity material 
whose upper crustal part could have velocity in the range 7.1-
7.5 krr,Vs. The material is steep sided and extends to a depth 
of about 160 km beneath the normal crustal material on the 
western flanks of the Gregory rift at the latitude of Kaptagat. 
The authors assumed a mean velocity of 7.3 knv's for the body 
to explain their data. 
Similar anomalous P wave velocities have also been reported 
in some other Cainozoic continental rifts and in Iceland. In 
Iceland a basaltic layer with P-wave velocity of 6.7 km(s is 
found to overlie a 7.4 krr,Vs refractor at a depth of about 17.8 km 
(Bath, 1960). Palmason (1971) has shown that a 6.4 knv's layer 
overlies a 7.2 krr,Vs layer at a depth in the range 8-16 km in 
different parts of Iceland. The refractor with a velocity of 
about 6.5 krr,Vs has been found all over Iceland (~almason, 1971) 
and the depth to its too surface is estimated at about 3-4 km 
(Zverev et al., 1980). It is thus evident that beneath both 
Iceland and the central part of the Gregory rift, rock velocities 
greater than about 7.5 kmls have not been observed. 
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Beneath most Cajnoznic continental rift zones, these 
anomalous velocities have also been observed. On the basis 
of wide angle reflections ani refractions, Cook et al. (1979) 
proposed a lower crustal replacement model for the axis of 
the central cart of the ~io Grande rift. The model consists 
of an upper crust (6.0 km/s) overlying a lower crustal layer 
(6.5 km/s) and a basal crustal layer with a velocity of 
7.4 km/s at a deeth of 25 k~. But for the same region, the 
crustal mo~el based on a refraction profile (Olsen et al., 
1979) indicates a crustal deeth of 34 km and P velocities of 
.. n 
7.6-7.~ km/s. A review of the work of Soviet investigators 
shows that P velocities near the central cart of the Baikal 
n 
rift apnears anomalous with values about 7.6 to 7.7 km/s 
( 01 sen' 19 g 3 0 ) 0 
From the foregoing discussions, it would appear that 
7.8 km/s is a reasonable estimate for the maximum velocity, 
V 2 , allowed for the refractor .:tn the two layer plane model 
proposed here for the reqion of the present study. From 
fig. 5.10 it is founct that for refractor velocities v2 from Kaptagat 
above 7.2 km/s, the refractor would die upLtowards the rift 
axis. As v2 increases from 7.2 to 7.~ km/s this dip, a, 
increases from 0° to about 6°. Hence the maximum dip, n , 
... m 
allowed on the boundary for updip towards the rift axis 
0 
would be taken as about 6 . Even if the maximum allowed v2 
had the unlikely high value of 3.0 km/s, n would only 
m 
change to about 7°. From the estimate of a as 6°, the depth 
m 
and the disposition of the refractor in relation to the rift 
were determined as shown below. 
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'I'he travel time, t,1 , for heaiwaves travelling downdip 
from source F (fig. 5.9C) to ~aptagat can be shown (ap9endix 
ID) to be 
1 
= Vl {~Sine + 2zd Cos (e-a) + h Cose} {50 3) 
where zd is the length of the normal from focus to the plane 
refractor and h is focal depth. 'I'he corresponding travel time, 
t , for direct waves from focus to Kaptagat is given by pg 
t pg {50 4) 
Since the arrivals under consideration are being interpreted 
as headwave first arrivals, td must be less than t and this pg 
condition is satisfied if 
< 
( 2 h 2·)\ s· h c } { /':.. + · - - ~. 1ne - .. ose 
2Cos(e-a) 
(50 5) 
If the maximum value of zd is designated D, then the maximum 
vertical de?th, H, from eoicentre to the refractor is 
H = h + 0/Cosa { 5 0 6) 
In this analvsis events located within the azimuthal range 
94 + 5° (in which the maximum ap:narent velocities are observed) 
are at an average rl_i_stance of about 60 km from Kaptagat. Ray 
paths from such events wouJd be exoected to have sampled more 
of the rift structure than other ray paths. The mean value 
of e has been obtained as 53.7° and the maximum allowed dip 
. 60 a lS • 
m 
equat5.ons 
On substituting these values of~, e and am into 
{5.5) and (5.6), a relation between Hand h for 
the average distance of 60 km was obtained and plotted {curve 
A of fig. 5.11). It is found that as focal depths increased 
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from 0 to 20 km, H incrc~sed from about 9 km to about 22 km. 
The disposition of the refractc·r for some values of h 
are shown in fig. 5.12a. Line OB corresponds to the mean 
measured apT)arent velocitv of 7.2 k.rn/s giving an ang~_e of 
0 
emergence of 53.7 . Lines OA and OC give the range of data 
coverage (6.9-7.5 km/s) and correspond to values of 50.6° 
0 
and 57.2 respectively for e. Per focal depths of 0,5,10, 
15 and 20 km, the mc=.ximum vertical deptr., H, from epicentre 
tc. the ulane of the refra.ctor would be about 9,12,15,18 and 
22 km respectively. At these focal dspths the refractor 
w6uld extend west to horizontal distances of not more than 
about 18,21,25,29 and 34 km respectively east of Kaptagat. 
It follows, therefore, tJ-:.at the refractor would extend west 
to no more than about 3,6,10,14 and 19 km respectively east 
of the Flgeyo fault bounding the rift to the west; at these 
western limiting points the deuths to the refractor would be 
about 13,16,18',21 and 25 km resoectively. 
An increase/decrease of about 10 km in distance, 6, 
about the average distance of 60 km would result in an 
increase/decrease of less than 2 km in the corresponding 
estimate of H. This will, in turr, lead to an increase/ 
decrease of not more than about 4 km in the estimate of the 
maximum hcrizontal distancE: east of: the western boundary fault 
(of the Gregory rift) at which the refractor could be located. 
From the discussions in section 5.3, foci are expected 
to be shallow in the axial oart of the rift ~here the epi-
centres are most probably located. ~ocal depths greater than 
about 10-15 km would seem unlikely. A most probable focal 
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depth would be in t.he rnnge 5-10 km; this would, in turn, 
imply that the western or Kuotagat end of the refractor 
would exten~ to within a distance of not more than about 
6-10 km east of the Elgeyo fault at refractor depths of 
about 16-18 knt. These results were deduced using the maximum 
allowed dip, a, of 6°. vor smaller values of a, smaller 
values of refractor depths and 1a teral disolacements east of 
Kaptagat would be obtained. 
V.!E· next consider the possibility of an eastward dip on 
the interface down from Kaptagat t.owards the rift axis. From 
fig. 5.10, the present data could be satisfied for refractor 
velocities in the range 5.9 to 7.1 krn/s provided the corres-
ponding dips on the interface were in the range about 26° to 
1°. If we a.ssociate the refracting interface with the upper 
surface of the crustal intrusion suggested by gravity and 
seismic data (Baker and Wohlenberg, 1971; Savage and Long, 
1985), large dips down towards the rift axis wculd be unlikely. 
SUch large dips would sugs-est that the crustal intrusion deepens 
towards the axial part of the rift. This suggestion which also 
imolies lower than normal crustal velocities contradicts the 
established interpretation of the axial oositive Bouguer 
anomaly as due to the presence of dense mantle derived crustal 
intrusion shallowing towards the rift axis. 
The region of study is within the rift which is charact-
erised by higher than normal crustal velocities. The refractor 
velocity is therefore very unlikely to be less than the 
mid-cruEtal velocity of 6.5 knVs established for t~e normal 
shield crust adacent to the rift (Maguire and Long, 1976). 
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~ reasonable estimate far the minimum acceptable refractor 
velocity would thus t .. e 6.5 krrls. The oresent data will be 
satisfied if a refractor with that velocity has a dip of 
about 9° from Kaptagat down towards the rift axis. The maximum 
diP allo..,Ted in this c.irecU.on would thus l:: .. e 9°. As in the 
precedi.ng oaragraohs, the nossible disposition of the refractor 
(witt. its dip down east) as c:. function of focal der:th will now 
be determined. 
From fig. 5.9d tre travel times, tu' fer headwaves travel-
ling up dip from focus to the surface at Kaot;::,gat station can 
be shown (ap:oendix D) to be given by 
t 
u 
1-
=- {~Sine f 2z cos(e +a) + h cose} v1 u 
( 5 0 7) 
where z is the length of the normal from the focus to the 
u 
plane of the interface. The condition that these headwaves 
come in as first arrivals oreceding direct wave onset in time 
can be: shown to be 
z 
u 
El:{uation 
< 
· { ( 11 2 + h 2 ) ~ -A sine - h cos e } 
( 5. 8) 
2 cos(e +a) 
gives tte maximum value of z , 
u 
... (50 8) 
say U, as a 
function of focal depth, h. From U, the maximum vertical depth, 
H, to the refractor beneath the epj_centre is estimated from 
the relation 
u H = h + I co sa ( 5. 9) 
In the oresent discussion, e, A and a have the values 
53.7°, 60 km and 9° resoectively. By substituting for a, e 
and L1 in equations (5.8) and (5.9), H is estimated as a function 
of h (curve B of ·fig. 5.11}. As focal.depth is increased from 
0 to 20 km, the vertical deoth from the epicentre to the plane of 
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the refractor increasE.s from about 13 km to about 2 3 km. The 
corres~onding dispositions of the interface with respect to 
the rift are shown in fig. 5.12b for focal depths of 0,5,10, 
15 and 20 km resp€ctively. 
It is found from fig. 5.12b that as the focal depth 
increases from 0 to 20 km, the maximum horizontal distance from 
Kal)tagat (eastwards) to thE interface increases from about 5 km 
to about 2 3. km (i.e. from abot<t 10 km west to about 8 km east 
of the Flgeyo fault). The corresponding vertical depths to the 
interface at these inferred western limit of the refractor for 
focal depths of 0,5,10,15 and 20 km are found to be 4,7,9,12 and 
16 km resl)ectively. For the most probable focal depth of 5-10 
kn:, the interface would extend westwards ~~ at least 6 to 3 km 
west of the Elgeyo fault and at deoths o£ 7 to 9 km (fig.5.12b). 
An uncertainty of about 10 km in distanc':?! at the dista.nce of 
60 km would result in an uncertainty of about 3 km in estimate 
of westward lateral extension of interfa.ce and about 3 km in 
depth estimate. 
From thE: above discussions, an Ul)dio of the 5.8/6.5 km/s 
refractor (Mageire and Long, 1976) from the rift axis to the: 
west could exolain the mean apparent velocity of 7. 2 ±. 0. 2 km/ s 
observed at Kaotagat. But the thickness of the upper crustal 
~· laver tecomes unacceotably small unless unacceptably large 
focal depths were assumed (fig. 5. 12b). For focal depths less 
than about 10 km, the crustal intrusion proposed here extends 
well beyond the western margin of the Gregory rift where the 
existence of normal shield crust has been firmly established 
by seismic data (~aguire and Long, 1976). In that region, the 
model orooosed here fer the region does not a.lso agree with the 
gravity data (Baker and Wohlenberg, 1971) which suggest a crustal 
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intrustion of much smaller width limite1· to the inner graben. 
5.5 The effect of a steep rlio on the bdundary. 
Gravity and seismic data strongly suggest that within the 
Gregory rift zone, at about the latitude of Kaptagat, a steep 
boundary seperates the normal shield type crust to the west 
(~aguire and Long, 1976) from the anomalous rift structure to 
the east (Baker and Wohlenberg, 197li Savage and Long, 1985). 
We now discuss the possibility that ray paths in present study 
may have sampled such a steep interface. Although the problem 
is a three dimensional one, the oresent data can only support 
a two dimensional interpretation. 
Consider a steep plane refracting boundary AB dipping at 
an angle a and seperating two rock layers of P wave velocities 
v1 and v2 (fig. 5.13). If the angle of emergence for the ray 
at Kaptagat is e, then the angle of refraction, a, in the 
second medium is given by 
-1 v2 . a = sin ( v s ]_ n ( a-e ) ) 
1 
(5.10) 
t.Ve assume that v 1 has the value 5.8 km/s (Maguire and Long,1976) 
and study the deviation of the ray at the interface for realistic 
values of v2 . As the ray strikes the boundary, the ray path 
suffers a deviation D in the vertical plane containing the ray 
and the normal to the refracting interface where the deviation 
is given by 
D = a - a + e (5.11) 
From equations (5.10) and (5.11), 0 could be calculated for 
values of refractor velocity v 2 from 5.9 to 8.0 km/s for given 
values of dip, a. In fig. 5.14, D is plotted against v2 for 
dip angle a increasing from 10° to 130° in steps of 10°. 
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For a ray startinq at Kaptagat and striking the boundary, 
an effective deviation vertically ~ownwards in the second 
medium is regarrl.ed as positive while a deviation vertically 
upwards is negative. From this plot, it is found that for 
0 dips greater than 53.7 , the ray naths are deviated vertically 
down for all v 2 qreater than 5.8 km/s. Such downward deviation 
of the ray path would suggest that for the distances (about 
60-80 km) observed in this study, the focal depths would be 
greater than about 43 km~ But such large depths of focus are 
not consistent with available geological and geophysical data 
(see section5•5•3). Dins of more than about 54° are, therefore, 
unlikely unless the rays subsequently encounter nearly horizon-
tal refractor on their nath and are then deflected upwards or 
that the rays encounter, in the second layer, material in 
which the velocity increases with depth. 
0 If the dip on the boundary is about 54 , the rays are 
normal to the refracting boundary and are undeviated for all 
values of v 2 • Interfaces with about this value of dip would, 
therefore, not be confidently detected by the present data. It 
has, however been argued that such large dips imply unacceptably 
large focal depths and are, therefore, inconsistent with the 
present data. 
0 For dips less than about 54 , the ray paths suffer upward . 
deviations from their original directions in the vertical plane 
defined by the rays and the normal to the dipping refractor. 
Such a deviation is in the right direction to lead to shallower 
and acceptable focal depths. But the magnitude of the deviation 
produced may be insufficient to quarrantee reasonably shallow 
foci in the short distances involved. 
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If we take 7.S km/s as the maximum allowed refractor 
velocity v 2 (see section 5.3), it is found from fig. 5.14 that 
the maximum uoward deviation decreases from about 25° to about 
0 0 0 1 as the dip, a, increased from about 10 to about 50 • 
Assume, in the extremely unlikely situation, that the refractor 
intersects the ray iust before but very close to Kaptagat. The 
calculated maximum deviations for dips of 10°, 20°, 30°, 40° 
0 
and 50 occur when v 2 has the maximum allowed value of 
7.8 km/s and would lead to focal depths of about 12, 23, 28, 
36 and 42 km resoectively. These estimates of focal depth 
would be increased as the interface moved east away from 
Kaptagat. Since foci deeper than about 15 km are unlikely 
beneath the cart of the rift under study, dips of more than 
about'10° are inconsistent with the present data. This 
observation js in agreement with the discussions in section 
5 • 3 • 
To summarise, we state that steep dips are inconsistent 
with the present data. It would thus appear that the data is 
sampling a nearly horizontal top surface of a possible 
intracrustal intrusion or a gently dipping mid-crustal inter-
face in the shield crust. The data does not seem to have 
samoled the steep boundary inferred to seperate normal 
structure to the east. 
5.6 ·Lateral variation in velocity. 
The crustal zone of partial melt indicated beneath the 
Gregory rift (Banks and Beamish, 1979; Rooney and Hutton, 1977) 
.·.· 
. ) . 
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coincides with the trend of the oositive Bouguer anomaly 
observed over the axial part of the rift (Searle, 1970; Baker 
and Wohlenberg, 1971). 0uarternary volcanoes and hot springs 
are mostly confined to the zone of this axial positive anomaly 
which is also associated with very high heat flow values 
(Crane and 0 1 Connel, 19q3; Morgan, 1983). These observations 
strongly suggest that the crust, within this zone, may be 
intruded by hot dense mantle derived basaltic rock which may 
at present, be cooling. 
The temperature of this inferred intrusive body may be 
expected to decrease from the centre outwards. If the 
mineralogical composition of the cooling rock mass is assumed 
uniform, then the ~ensity, and hence, the seismic velocity 
would increase from the centre out towards the contact with 
the host rock. As a result there would be gradational-lateral 
variation of density/velocity within the intrusion. Seismic 
rays would, therefore, be refracted not only in a ve~~ical 
plane but. also in a horizontal plane. This type of structure 
could give rise to the observed P=X time/apparent velocity 
relationship indicated by line CD in fig. 5.4. 
The observed increase in apparent velocity fro~ about 
7.1 km/s to 7.5 km/s as P-X time increased from about 8.1 s 
to 9.7 s could be partly explained (qualitatively) as due to 
gradual lateral increase in rock velocity of an intrusive 
body from its hot cent~e towards the cooler outer parts. 
P-X time of 8.1 s corresponds to a distance of about 59 km 
(to the east of Kaptagat) which falls within the a~ial zone 
of rift. The data suggests, therefore, that the rock velocity 
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within such intrusive body would increase from the hot central 
Part to the cooler outer parts extending up to about 12 km 
from the centre. The boundary between this dyke like body 
and the normal shield crust would be expected to be steep 
because of change in rrtineralog:Lcal composition. The problem 
as presented above requires three dimensional interpretation 
which could not be supported by the Present data. No such 
interpretation is attemotect here. 
5.7 Vertical variation in velocity. 
i.7.1 Introduction. 
It has been suggested (section 5.2.2) that the data set 
in fig. 5. 4 could be di vi -:'l.ed in to two groups represented by 
lines CD and EF respectively. It was shown that for the first 
grouP (line CD) there is a significant linear increase in 
.. . 
measured first arrival apparent velocity with P-X time (and 
hence distance). The slope of the regression line of 
apparent velocity on P-X time for the first group is 0.25 
~ 0.18 km/s 2 ; this slope suggests an average horizontal 
gradient of about 0.031 km/s per kilometre over the distance 
of about 12 km corresponding to a change in P-X time from 
8.1 s to 9.7 s. 
For events in the second group (line EF of fig. 5.4) 
there is no significant linear variation of velocity with 
P-X time at the 95% significance level. The 95% confidence 
limits for measured phase velocities in this group are 7.0 
,:t 0.1 km/s. The complete data (fig. 5.4) taken as a whole, 
therefore, suggests the existence of a layer in which velocity 
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increases with deeth overlying a nearly horizontal refractor 
of constant velocity. 
To illustrate the validity of this suggestion we consider 
the simole case in which rock velocity, v, is a linear function 
of depth, Z, given by 
V = V + kZ 
0 
(5.12) 
where V is the rock velocity at top of layer and k is a 
0 
constant. The travel time t for rays in such layer is given 
(Dobrin, 1976) by 
t = (2/k)sinh-1 (kx/2V ) 
0 
(5. 13) 
where x is the horizontal distance from source to detector. 
The apparent velocity, V , is obtained by differenting x with 
a 
resoect tot in equation (5.13): 
v 
a 
dx 
= dt 
-1 kx 
= v
0 
cosh (sinh · ( /2V
0
)) (5.14) 
The rate of change of apoarent velocity V with distance x is 
a 
then given by 
dV 
a 
dx 
2 -1 
= k x/(4 cosh(sinh (kx/2V ))) . 
0 
The numerator and denominator of the expression in 
(5.15) are positive for all oositive values of x. 
(5.15) 
equation 
dVa 
Hence dx 
is positive indicating that v increases as x increases. For 
a 
such a layer~ therefore, apparent velocity would increase with 
distance from the source. 
In this analysis, ray paths from all foci converge at 
Kaptagat and are completely reversible. In other words, if all 
the sources are locaLeu at ~aptagat, the rays will reverse 
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their paths and pass throuah_their resoective foci. The 
imolication of this and the preceding discussion is that 
apparent velocity l.vouJJl :i_ncrease ~vi th increasing distance from 
Kaptagat if the velocity of the subsurf~ce material increased 
linearly with depth. The two groups of data put together would 
suggest that below the layer in which velocity increased with 
depth, there is a high soeeCl. horizontal refractor whose true 
rock velocity is probably not less than about 7.0 km/s. If 
there is appreciable diP on the refractor, the true rock velo-
city will be greater than this value. 
Geological and qeo9hysical data indicate that the crust 
beneath the Gregory rift is intru~ed by dense basaltic material 
derived from the mantle. The concentration of this high density 
basic material Present would increase with depth and give rise 
to increase in density/seismic velocity with depth. A model 
in vrhich velocity increases with depth is thus plausible. A 
ray tracing orogram was used to obtain one such model consistent 
with the oresent data. 
5.7.2 ':!:'he ray tracing program. 
The nroqram used (RT01 and its later modification SEIS 83) 
was that originally written by I. Psencik and subsequently 
modified by V. Cerveny. The English version has been updated 
at Durham to make use of NUMAC graohic subroutine library 
PLOTSYS. The proqram is designed for the computation of rays 
of seismic waves which arrive at a number of receivers 
distributed along the earth's surface. It handles two-
dimensional later~l.ly inhomogeneous models with curved inter-
faces. 
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The program uses ray-tracing theory, in which the oath of 
each ray is calculated in terms of the distance and direction 
travelled by the ray ~uring successive, small time-steps. Each 
ray path is therefore defined by a series of short, straight 
line segments, whose length and direction are controlled by the 
local· seismic velocity distribution. Normally, each segment 
reoresents the same travel time. If, however, the ray reaches 
an interface before the end of a time step, then that ray 
segment is automatically truncated at the interface and the 
time step shortened accordingly. A new time-steo is then 
started for the reflected or refractei ray after it has left 
the interface. 
The velocity structure within the mod.el is specified in two 
ways. In the first mode, the model ~ay be divided into layers 
using a set of interfaces across which sharp velocity jumps occur. 
Secondly, the model may be divided up using a series of horizontal 
and vertical grid lines, thus allowing the introduction of 
horizontal ·and vertical velocity qrarlients. Interfaces may be 
specified by their x and z coordinates or directly as a function 
of x and z. The simultaneous use of interfaces and grid lines 
allows for great flexibility in s~ecifying velocity distributions. 
Approximation of velocity distribution inside individual layers 
is carried out by cubic spline interpolation, linear inter-
polation between insovelocity interfaces, or by oiece-wise 
bilinear interpolation. The program ~ackage SElS 83 includes 
programs for the J?reparation of data for velocity model (SMOOTH), 
to compute synthetic seismog~ams (SYNTPL) and to plot rays, 
travel-time and amplitude-distance curves (RAYPLOT) or synthetic 
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seismograms (SEISPLOT). 
Input to the prog~am includes control indices, model 
parameters and depth of source, h. The control indices control 
the behaviour of the rays at interfaces (i.e. whether reflection 
or refraction) and the mode used for generating the velocity 
distribution (whether by a mesh or through an analytical function). 
Pure head waves are not considered in the program. The model 
parameters are described by a block of cards which give information 
about interfaces, mesh lines, velocities and source coordiriates 
within the model. Horizontal distance, x, from the source to 
observation point is determined by the angle (with the x-axis) 
at which the given ray is projected from the source. This angle 
(measure0 in radians) is taken as positive below the x-axis and 
negative above. The initial angle taken is such that all the 
rays that can emerge at the surface are calculated from the given 
increment in the initial nngle and the number of rays to be shot 
out. 
Results from the comuutations are displayed in the form of 
plotter and line Printer outputs. The plotter output includes a 
ray diagram and a reduced time-distance plot. Amongst other 
information, the line printer output consists of the input data 
for the model and a table of results from successful rays (i.e. 
rays that succeed in completing the required trajectories). 
These results give the epicentral distance x, the travel time and 
the amplitude (when required) of each ray. 
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5.7.3 Interpretation in terms of uniform increase in velocity. 
Savage and Long (1985) have derived a structural model for 
the central part of tile Gregory rift at about the latitude of 
Kaptagat (fig. 1.7). We may assume that the epicentres in the 
present study are all within the axial part of the rift and that 
focal depths are of the order of 5-10 km. Then ray tracing 
(using program RTOl) shows that the rays sampling the 7.5 km/s 
material in this model are mostly refracted downwards and do 
not come up to the surface (fig. 5.15) unless they encounter 
a region in which velocity increases with depth. However, if 
the top surface of the model were planar, nearly horizontal 
and had a much wider lateral extent, headwave arrivals could 
be observed at epicentral distances in the range 60-80 km (see 
section 5.4.2). The critical distance for such headwaves 
decreases from about 49 km to about 30 km as focal depth 
increases from 0 to 15 km. In the present section, we attempt 
to derive a model (consistent with the data) in which velocity 
increases with depth. 
The rays in the present data arrive Kaptagat at steep 
angles of emergence. For these rays from probably shallow 
foci to emerge at the surface within the observed short distance 
range at angles of emergence in the range 54~ 3°, the ray 
paths would be expected to show definite upward concavity. 
This, in turn, would suggest that the rays may have sampled 
a region in which velocity increases with depth as discussed 
in section 5.7.1. In the present section, the data will be 
interpreted in terms of a two dimensional horizontally layered 
model in which a constant velocity layer overlies a layer in 
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which there is uniform incre~se in velocity with depth. ~ch 
a model will be constrained by some conclusions/inferences 
reached in our earlier discussions. Focal depths must be small -
less than about 10-15 km. A constant velocity of 5.8 km/s 
(Maguire and Long, 1976, swain e·t al, 1981) will be adopted 
for the top few kilometres of the crust beneath the rift floor 
and beyond. Jh addition, the layer in which velocity increases'~ 
with depth (according to equation 5.12) would be terminated 
by a-constant velocity refractor or in a region of sudden 
change in velocity gradient. fere V in equation 5.12 is the 
0 
velocity With in the basement rocks of velocity 5.8 km/s. 
The modelling involves estimating the probable values of 
basement thickness, the velocity gradient, the thickness of 
the layer in which velocity increases uniformly with depth 
and the velocity of the refractor at the base of this inter-
mediate layer. The ray tracing program (RT01/SFIS83} discussed 
in section 5.7.2 was used in a trial and error manner to obtain 
estimates of these parameters. Any acceptable model must be 
able to explain the first arrival apparent velocities (in the 
range 6.9-7.5 km/s) observed at Faptagat station. 
Jh the modelling a typical initial angle from the source 
was about 2.20 radians. Jhcrement in initial angle depended 
on increment in source-receiver distance and the number of 
receiver Positions. Interfaces were taken as plane and 
horizontal and were specified by the X and z coordinates of 
points selected on them. Velocities above and below each inter-
face were stipulated at selected points along the interface. 
The program then used linear interpolation to establish other 
2 9 CJ • 
points on the interface ana the velocity at each point of the 
model. 
A range of velocity gradients was tried and values of 
about 0.15 to 0.20 s-1 were found to explain the data adequately. 
The thickness of the upoer crustal layer ~elocity 5.8 km/s) 
was estimated at about 10 km. The underlying layer of uniform 
increase of velocity with depth had estimated thickness of 
about 10 km. Jn the interpretation no fixed value was assumed 
for focal depth. 
The proposed model with the corresponding ray diagrams 
and reduced travel time clot for a focal depth of 9 km is 
shown in fig.~l6. ill the top layer a slight velocity gradient 
-I (0.01 s ) was introduced. In the second layer velocity 
increased from 6.0 km/s to 7.5 km/s as depth increased from 
10 km to 20 km. Just below the 20 km interface the velocity 
was taken as 7.6 km/s. Fig. 5.16 a and b show ray diagrams 
and the reduced travel time curve (reducing velocity 6.0 km/s) 
for direct waves. fimHar plots for the reflections from the 
10 km interface are shown in fig. 5.16c and.d. Fig. 5.16e and 
f show the corresponding plots for diving waves sampling the 
intermediate layer and the reflections from the 20 km interface 
which are of main interest in the present study. 
On the plotter outputs (and also on the line printer out-
puts) from program 8FI~3 source and receiver horizontal 
positions were measured from an arbitrary zero at the left end 
of the plotting space. ~urce-receiver horizontal distance, ~, 
was obtaineu as the difference between their respective positions. 
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In the input data, the source position was put at about 90=~00 . 
km and the initial angles taken so that the receivers were 
located west of the source. Of main interest in the present 
study is the source-detector horizontal distance in ~he range 
about 60 to. 80 km which would correspond to the observed range 
of distance to Kaptagat. 
A portion of the line printer output corresponding to ~ig. 
5.16 is shown on table 5.1. The information on this output 
includes the input data and the results of the computations 
for the direct wave (code -111), reflections from the first 
interface (code 1211) and waves that have sampled the second 
layer (code 141221). Within the output for each of these 
phases, the nominal receiver position is shown in the first 
column. The second and the third columns contain the x and z 
coordinates of the receiver positions actually used in the 
computations. The computed travel time is shown in the fourth 
column. 
To confirm that the proposed model is consistent with the 
present data, it is necessary to show that the rays from a 
source within the model would arrive the position of Kaptagat 
(epicentral distance about 60-80 km) at the·right angle of 
emergence to give the observed first arrival apparent velocities 
(6.9-7.5,km/s). 'I'o show this, we use the ray diagrany'reduced 
travel time curve in fig. 5.16~f and the corresponding line 
printer output in table 5,2. The reduced time-distance curve 
(fig. 5.16f) splits into two branches. The steeper branch DE 
containing 12 points and covering a distance range of 40-62 km, 
has greater value of travel time (for the same distance} than 
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the other branch ABC and corresponds to rays that have been 
reflected from the 20 km interface. This reflected phase isu 
however, unlikely to come in with appreciable amplitude because 
of the small velocity contrast across the 20 km interfacea The 
branch ABC covering a distance range of 46=72 km corresponds 
to divi~B waves that have sampled the material between 10 and 
20 km depths without hitting the 20 km interface. 
P.l..otted points on the segment DE appear to be approximately 
colinear and the straight line of best least squares fit through 
the 12 points has a slope, m, of 0.0371 s/km. If the epicentral 
distance and the corresponding travel time are tJ. and t respec~- . 
ively, then it follows from fig. 5.16f that 
!J. 
m = (t- ~)/(9Q-!J.). 
d!J. b He~ce the apparent velocity, ~t' can be o tained as 
d!J. 1 
= dt (t - m) 
On substituting the value 0.0371 s/km form, the average.apparent 
velocity for this phase was obtained as 7.72 km/s. Similar 
treatment to the outputs from the model for focal depths of 0 
and 5 km result in computed average apparent velocities of 
about 7.58 km/s and 7.69 km/s respectively for comparative range 
of distance. 
. 
Segment ABC can be divided into two parts, AB and BC. 
The part BC with six points appears approximately parallel to 
the distance axis thus suggesting an average apparent velocity 
close to 6.0 km/s in the indicated distance range (46 to 54 km). 
A straight line of best least squares fit to these 6 data points 
gives an average apparent velocity of 6.24 km/s. ·The rays 
corresponding to these ~oints have sampled only the top p~rts 
of the second layer. 
~~1~·,r . 
The part AB (with .e~ght points) which. 
covers the range of 60 to 72 km is clearly inclined at an 
appreciable angle to the distance axis. The straight line of 
best least squares fit to the q points of AE has a slope of 
0.14s/km implying an average apparent velocity of 7.14 km/s 
for this phase. Similar output from the same model but.with 
the source at a depth of 5 km shows that this phase (the divin.g 
waves) has a mean apparent velocity of about 7.07 km/s in the 
distance range 65-75 km. Th9~valuescompare very well with 
the mean first arrival apparent velocity of 7.2 ~ 0.2 km/s 
observed at ~ptagat for about the same range of distance. 
To show how apparent velocity of the diving waves in the 
proposed -model varies with distance, use was made of the 
source-detector distance, ~, and the corresponding computed 
travel times, tin table 53 .. This table, extracted from table 
5.2, shows ~, and the corresponding t, at distance intervals 
of about 2 km for the cl.i ving waves. The apparent velocity, V, 
midway between two adjacent receiver positions was obtained 
by dividing the difference in distances (about 2 km) by the· 
difference in travel times. The apparent velocity so obtained 
was plotted against distance (fig. 5.17 ) • The line of best least 
squares fit to the plotted points was found to be of the form 
v = (0.055.:!:. 0.003)~ + 3.508. 
This relationshi~ implies that apparent velocity would 
increase from about 6.8 to 7.5 km/s as distance increased from 
60 km to 72 km. fu the present data, epicentral distances to 
laptagat are mainly within this range of distance. Furthermore, 
,. . 
310. 
Table 5.3: Vz1J ucs o.F urporent velocity V estimated for 
I.:.IJc cUvin9 woves f:rom the model of fig. 5.16 
for various rlistances, 6, and times, t. 
Distance (km) Travel time(s) Apparent velocity(km/s) I 
.· ..... ' .. ·~ 
50 8.80016 I 
6.168 
52 9.12443 
6.430 
54 9.4354'i 
6.466 
56 9.74479 
6.600 
58 10.04779 
6.710 
60 10.3458~ 
6.818 
62 J0.6391S 
6.923 
64 10.92802 
7.034 
66 11.21234 
7.026 
68 11.49701 
7.264 
70 11.77235 
7.364 
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the first arriv;·\J app<lront velocities (6.9-7.5 km/s) observed 
at Kaptaga t station <H c a !.so in excellent agreement with the 
range of values computed ctbove from the model. The first 
arrival data is, thus, adequately explained by the proposed 
model which is, therefore, a possible model. 
This simple model is suwnarised in fig. 5.16e. We may 
assume an average distance of epicentres in the east-west 
direction to be about 60 km. Then from fig. 5.16e, it is 
eas'ily seen that the intermediate layer of uniform increase 
in velocity with depth is not further than about 13 to 14 km 
to the east from Kaptagat. This implies that that layer 
extends west to about the western bounding fault of the Gregory 
rift. 
This model explains the data satisfactorily and suggests 
that higher velocities appear higher in the crust than would be 
expected for a normal shield crust. Increase in velocity up to 
7.5 kms- 1 at 20 km depth probably indicates crustal intrusion 
of multiple dykes. ifelocity increase with depth at crustal 
levels has also been reported by Khan et al. (1987) for the axial 
part of southern portion of the Gregory rift. These observat-
ions suggest multiple dyke injection as a possible driving 
mechanism for the rifting process. 
5.7.4 Summary. 
Ray tracing through the crustal model of Savage and Long 
(1985) shows that rays from shallow rift events associated 
with the present data would be deviated downwards and would 
not coir.e up to tile surface at the distance of Kaptagat. It is 
argued that for the rays to emerge at the surface at Kaptagat, 
a structure incl uc1ing a horizonta V gently dip-ping interface 
or a structure in which velocity increases with depth is 
313. 
required. 
The two L1y01~ moc:10·1 '-"'·i th horizontal interface derived in 
sections 5.4.2 suggest tile presence of a top layer of P-wave 
velosi ty 5. 8 kni s. 'J'his is underlain at a depth of not more 
than about 16 km by a metterial of velocity 7.2 knv's assuming 
an average focal depth of 10 km for the region. An increase/ 
decrease of 5 km in this estimate of mean focal depth increases; 
decreases the maximum refractor depth estimate by about 3 km. 
Hence, for mean focal depths of 5, 10 and 15 km, the correspond-
ing estimated maximum depths to the 5.8/7.2 km/s refracting 
interface would be 13, 1G and 19 km respectively. In this 
region, focal depths are not known accurately but are most 
probablyiin the ran9e 5- J 5 J~m. 
In fig. 5.18 the positions (A, Band C) of the refracting 
interface for mean focC1l depths of 5, 10 and 15 km respectively 
are superposed on the structural model of Savage and Long (1985). 
The correspondin9 refraction ray paths from foci to Kaptagat 
are shown for a typical epicentral distance of 60 km. It is 
desirable to obtain an estimate of the minimum lateral extent 
of the top surface of the refractor consistent with the present 
data. This estimate depends on knowledge of focal depth and 
epicentral distance. 
Typical distance in this study is about 60 km in the east-
west direction with an uncertainty of about +10 km. At this 
typical distance, rays can be traced back from Kaptagat to the 
appropriate focus for each of the refracting interfaces at depths 
of 13, 16 and 19 km (fig. 5.18). The portion of each of the 
refracting interfaces at levels A, B and C contained between the 
slant ray paths estimate the corresponding horizontal lateral 
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extent of the refractor at the appropriate level. From thisy 
the minimum horizontal lateral extent of the top surface of the 
refractor is estimated as about 31, 30 and 30 km respectively 
for focal depths of 5, 10 and 15 km. The mean estimate of the 
minimum lateral extent of the top of the refractor is thus 
about 30 km. An increas~decrease of 10 km in distance estimate 
about the dist~nce of 60 km increase~decreases the estimate of 
minimum lateral extent by about 10 km. 
The east-west component of distance of epicentres from 
Kaptagat covers the range about 60-74 km. If we adopt a mean 
focal depth of 10 km for the region of study, the maximum depth 
to the 7.2 knrs refractor would thus be about 16 km with a 
minimum lateral extent of about 30 km. It was suggested in 
section 4.6 that the estimates of distances may have exaggerated 
the true distances. If estimated distances are greater than true 
distances by about 10 km, the minimum lateral extent estimated 
for the top surface of the refractor would be about 20 km. 
In section 5.4.3, the data was explained in terms of a 
two layer model with a plane gently dipping interface. A 
maximum dip of 6° (correspondi~g to refractor velocity of 7.8 
krrVs) from Kaptagat up towards the rift axis is allowed by the 
data. At this value of dip, the minimum westward horizontal 
extent of the refractor for given focal depths is given by the 
intersection of the inferred plane refracting interface with 
the western limiting ray path, A (fig. 5.12a). It is observed 
from this figure that for a typical epicentral distance of about 
60 km and for focal depths of 0,5,10,15 and 20 km, the maximum 
vertical depths from the epicentre to the interface are estimated 
as 9,12,15,18 and 22 km respectively. Consequently, the infer-
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red western ends of the refractor would then be at maximum verti-
cal depths of 13,1G,l8,21 and-25 km respectively {fig. 5.12a). 
The horizontal offsets of these points from Kaptagat have about 
the same. magnitudes as the corresponding offsets in the case of 
horizontal interface. The maximum vertical depth estimates 
obtained in the case of gentle dip (6° up from Kaptagat towards 
the rift axis) are therefore, about 2 km higher than the corres-
ponding estimates for zero dip. 
For interface dipping up from Kaptagat towards the rift axis, 
refractor velocities beneath the study area are unlikely to be 
as high as 7.8 knrs. Dips as high as 6° in this direction are, 
therefore, unlikely. Differences in depth estimates, for hori-
zontal and this gently dipping interface could, consequently, 
be within the error limits in estimate of depths. This suggests 
that there may, therefore, be no significant difference in depth 
estimates from this model and the model assuming horizontal 
interface. However, the two layer model with horizontal inter-
face is better constrained by the data than the two layer model 
with a dipping interface. 
In section 5.7.3, the model shown in fig. 5.16e was also 
found consistent with the data. In this model, a 10 km thick 
top horizontal layer with average velocity of 5.8 kn(s overlies 
an intermediate layer about 10 km thick. In the intermediate· 
layer velocity increases uniformly from 6.0 krrVs at lO km depth 
to 7.5 km/s at a depth of 20 km. The intermediate layer, in 
turn,oyerlies a constant velocity refractor (velocity about 
7.6 krryls). Assuming a typical epicentral distance of 60 km and 
a mean focal depth of 9 km, the intermedj_Rte layer is found to 
extend west to as far as the Elgeyo fault, the western boundary 
fault of the rift. This model suggests, like the two layer 
model with horizontal interface, that higher velocities appear 
higher in the crust than would be expected for a nomal shield 
crust. Increase in velocity with depth within the crustal zone 
of the axial part of the southern portion of the Gregory rift 
has also been reported by Khan et al. (1987). Increase in 
velocity up to 7.5 kws at 20 km depth probably indicates 
crustal intrusion of multiple dykes. 
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>. 1 Introduction. 
lli section 5.1, data from first arrivals were interpreted 
in terms of a model consisting of two uniform plane layers 
seperated by a plane horizontal/~ipoing interface. In section 
5.7, these same ~ata were interpreted in terms of a model 
consisting of a top horizontal uniform velocity layer over-
lying an intermediate layer in which velocity increases with 
depth which is, in turn, underlain by a uniform velocity 
refractor. In the present chanter, attempts will be made to 
show how consistent the second arrival data are with these 
models. 
The apparent velocities, azimuths and onset times of later 
arrivals were determined with lower precision than those of the 
first arrivals. One of the main reasons for this lower 
precision is sign~l interference. Several phases may arrive 
at the same station at about the same time. 'J'hese arrivals 
could superpose in such a way that the velocity filtering 
technique may not be able to seperate them adequately in terms 
of apparent velocity, azimuth and time. The resulting composite 
signal may, therefore, have measured aoparent velocity/azimuth 
different from the true event aooarent velocity/azimuth of any 
of the single phases. 
As suggested by the resoonse contour given in fig. 3.3, 
the process of velocity filterin~ could also, under certain 
conditions, generate non existent arrivals. In sel~cting 
second arrivals for interpretation, it is, therefore, important 
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to proceed with caution. Jn this study, attempt was made to 
relate the arrivals spotted by velocity filtering with the 
arrivals seen on single seismograms. It will be noted, how~ 
ever, that at the short distances involved in this study, 
what looks like a single arrival on a seismogram may, in fact, 
be two or more arri va.ls. r,li th oractice, however, it is 
possible, on a single seismogram, to identify the onsets of such 
arrivals by the changes in curvature, frequency and amplitude 
of the waveform. 
For interpretation, use was made of later arrivals which 
have about the same azimuth as the corresoonding first arrivals. 
Later arrivals whose azimuths are significantly different from 
those of the £irst arrivals may have resulted from different 
sources and/or from lateral variations in velocity. Adequate 
handing of such arrivals, would, of necessity, require three 
dimensional interpretation which can not be supported by the 
present data. The data for the later as well as for the first 
arrivals are shown in fig. 3.31. Only a few -of the later 
arrivals indicat~d in fig. 3.31 could be identified and used 
in this study. .The problems created by signal interference 
would be expected to increase with time into the record. Later 
arrivals close, in time, to the first arrivals were, therefore, 
used in the interpretation because such arrivals were expected 
to give more reliable results . 
• 2 Guides to the identification of some later arriVal· phases . 
. 1 Introduction. 
To be able to use a particular phase for interpretation, 
that phase must first be i~entified. The discussions given 
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below are designed to providE": some useful guide in the 
identification o~ prominent phases by their measured apparent 
velocities, azimuths and rel aU ve onset times asswnJng a 
plausible model. 
6.2.2 ntrect waves. 
Following tr.e discussions in section 5.4, consider a t\'.'O 
layer structure with a horizontal. interface at a depth H 
of 20 km. Let the top and lower layers have uniforrr. 
velocities V J. and V 2 whose values will, frcm earlier 
discussions, be taken as 5.8 km/s and 7.2 km/s respectively. 
Then the expression for a?parent velocity V , of direct 
a 
waves from a sonrcE": at a distance tJ and depth h is given 
by 
'1 
a 
= 
From this expression, aorarent velocity for direct w~ves was 
calculated and plotted as a function of focal depth at 
distances of 40, 50, 60, 70 and 80 km respectively lfig.6.la). 
From this plot it is found that a~parent velocities for 
direct waves fer the observed distances between 50 and 80 krn 
are all within tt.e range 5.80 to 6.25 knVs if only focal 
deptt.s in the range 0 to 20 kn• are ·considered. It is also 
found that for a q ivE'n focal depth, the: aprarent velocity 
increases with a decre2se j.n distance. 
ft is also useful to calculate the ex~ected travel 
t1.rnes of direct waves in relation to the first arrivals 
asstmed to be headwaves. Travel times of direct waves as 
function of foc2l dept~; h, are plotb::d. as curve 1\ in 
fig. 6.lb for a distance of 60 km. Also nlotted (for the 
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Fig 6-1a: Theoretical apparent velocity for dirnct waves in a material 
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same distance in tris figure a,re tra,vel times of headwaves frcm 
a refractor at depths H of 10, 15 and ·20 km which are shown 
as curves B, C and D resoectively. 
From fig. 6.1b, it is evicient that at a distance of 
60 km and for refractor depth of 20 km, headwaves orecede 
direct waves and could be first arrivals only for all focal 
depths greater than about 17 ~m. At this value of refractor 
depth, the difference, t, between the onset times of head-
waves and direct waves increases from 0 to about 0.50 s 
as h increases from 17 to 20 km. Such large focal depths 
are, however, unlikely in the region of oresent study. If 
the refractor depth is 15 km, the head waves could be first 
arrivals only for focal de~ths greater than about 9 km; in 
this case the difference, t, in onset times of the two 
arrivals would increase from 0 to about 0.80s as focal depth 
increased from 9 to about 15 km. 
For refractor deeth of 10 km, headwaves could be first 
arrivals for all focal depths up to about 10 km. Difference 
in onset times would in this case be expected to increase 
from.O to about 1.00s ash increased from 0 to about 10 km. 
To summarize, the direct waves would be expected to come in 
with apparent veolcities in the range 5.80 to 6.11 km/s and 
with a time delay of up to about +1.00s with respect to the 
first arrival head~aves if a typical distance of 60 km is 
considered. This is su~marized in the table given below. 
3l23. 
Interface depth l{ange of focal Range of step Ran~e of appa~ 
H(km) depth,h(km) out time, t rent velocity 
(seconds) . V a(kro/s). 
10 ()-10 0.00-1.00 5.80-5.88 
15 9-15 0.00-0.80 5.86-5.98 
20 17-20 0.00-0.50 6.00-6.11 
If the top layer velocity was actually lower/higher than 
the 5. 8 km/s a.ssumed above, the cornouted values of V would 
a 
be correspondingly lower/higher than the values stated above. 
6.2.3 Wide angle reflections. 
The expression for the apparent velocity of wide angle 
reflections from the horizontal interface at depth of F is 
given by 
For ~ in the range 50 to SO km, this expression shows that the 
apparent velocity for reflections from an interface at 20 km 
depth would be in the range 7.43 to 6.00 km/s for focal depths 
between 0 and 19 km. For a fixed value of refractor depth, 
H, apparent velocity for these reflections increases with 
decreasing distance, ~; and for a fixed value of ~, apparent 
velocity increases with increase in H. 
If the 20 km thick top uniform horizontal layer of 
velocity 5.8 km/s overlies a 7.2 km/s layer, the critical 
distance for headwaves from the interface would decrease 
from about 54 km to about 29 km if focal depth were increased 
from 0 to 19 km. 1'he distances of about 50-80 km observed in 
this study thus fall beyond the critical distance for such 
headwaves within the stated range of h. The difference, t, 
between the onset times of the wide angle reflections and 
the headwaves from the same interface at depth H is given by 
3 2-1 • 
. ji. 2 2 
t = V u + (2H-h) 
v1 ( 6 D 1) 
To illustrate, aeoarent velocity, V of the wide angle 
a 
reflections is plotted against focal deeth, h for interface 
depths of 10, 15 and 20 km respectively at an epicentral 
distance f'.. of 6 0 km ( fi<J. 6. 2 a) . As before, top and lower 
layer velocities were adoeted as 5.q km/s and 7.2 km/s 
respectively. Differences in onset times, t, between the 
wide angle reflections and the headwaves from the interface 
is plotted against focal depth for interface depths of 10, 
15 and 20 k~ res?ectively at epicentral distance of 60 km 
(fig. 6.2b). The head wave onset precede the wide angle 
reflections in time in the models illustrated in fig. 6.2. 
Relevant guiding information from fig. 6./.a and bare summa-
rized below in tabular form for a distance of 60 km. 
Interface deeth Range of focal Range of step Range of appa-
H(km) deet'1 (km) out time,t(s) rent velocity 
(km~_) _ 
5 0-5 1. 13-1. 54 5.82-5.88 
10 0-10 0.53-1.06 5.88-6.11 
15 0-1.5 0.17-0.80 5.98-6.48 
20 0.,..20 0.01-0.53 6.21-6.97 
Comparing direct waves and wide angle reflections, it 
is to be noted that there may be appreciable overlap in their 
onset times. The wide angle reflections are expected to come 
in with slightly higher apparent velocities but the magnitude 
of the error involved in measuring second arrival apparent 
velocities may be as large or even larger than the expected 
in 
difference~the measured apprirent velocities of these two 
phases. It is, therefore, possible to misidentify a wide 
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angle reflection as a nirect wave and vice virsa. 
6.2.4. A multiple reflection phase. 
Apart from direct waves, head waves and wide angle 
reflections discussed above, some multiple reflections could 
have enough energy to b8 well recorded. To illustrate we 
may consider the two layer case with a horizontal interface 
at a depth H. If the depth of the source is h(h <H), 
epicentral distance 6 and upper layer velocity v1 , we may 
obtain expressions for aoparent velocity, V , and time off-
a 
set, t, from first arrival onset, for a multiple reflection 
arrival involving two reflections at the interface and one 
reflection at the surface, the first reflection occuring at 
the interface. The exoressions for t and V are 
a 
V a = :1 j 6 2 + ( 4II-h) 2 
1 (2H-h) (-
V2 
1 
l.; 1 .. 
- -) 
v2 
2 
( 6 -2} 
To be able to identify such multi9le reflections (if 
they exist} on the data for second arrivals (fig. 3.31}, it 
is necessary to estimate the possible ranges of values for 
their apparent ve]_'}Cities and travel times with respect to 
those of first arrivals assuming different depths, H, in 
the model. These estimates were obtained for an epicentral 
distance of 60 km which is typical in the present study. 
Average values of 5.8 km/s and 7.2 km/s were adopted for v1 
and v2 respectively. 
3 27 • 
With the epiccntral distance ~ fixed at 60 km, apparent 
velocity, V , of t~e specified multiple reflection was 
a 
calculated and plotted against the deeth, H, to the reflect-
ing interface at each of the focal depths 5, 10, 15 and 20 
km (fig. 6.3a). For the same fixed distance of 60 km, the 
step out time, t, between the onsets of the headwaves and 
the multiple reflection from the same interfa~e at depth H 
was plotted against I-I for focal depths of 5 1 10 1 15 and 
20 km (fig. 6.3b). In both plots it was assumed that the 
focus was above the reflecting/refracting interface. 
From fig. 6. 3a anrl b, it is found that for focal depths 
of 5 and 10 km an~ interface deeth of 13km,the step out time, 
t 1 has an average value of about 2.70s while V covers the a 
range 7.04 to 7.39 km/s. At a refractor rtepth of 16 km, 
the value oft is about 3.33s while V has values in the 
a 
range 7.48 to 8.14 km/s for focal depths in the range 5-15 
km. If the depth to the refractor is 20 km, then t covers 
the range 4.36-4.66s. while V covers the range 8.56-9.28 
a 
km/s assuming focal depths in the range 5-15 km. Apparent 
velocities in the range 5.80-6.10 km/s and step out time 
values of about 1. 80s v10uld be expected from a refractor at 
·a depth of about 6 km for :f'ocal depths shallower than this 
depth. These computed values are summarized in the table 
·below. 
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Range of apparent 
velocity(km/s) 
50 80-6 0 10 
7.04-7.39 
7.48-8.14 
8.56-9.28 
In general, for given values of H and h, V decreases with 
a 
increase in A. ~n~ for given values of A and h, V 
a 
increases with increase in H. 
From the foregoing discussions, it is obvious that for 
a given model and a given distance, A, the apparent velocity 
and relative onset time of a given ohase both depend on focal 
depth. This may explain why the phases shown in fig. 3.31 
are not easily correlated from one event to the other across 
the record. It is also to be noted that expected phase 
velocities and travel times of different phases show some 
overlap mainly because of variations in focal depth. This 
would create some difficulty in unambiguously identifying 
arrivals by their measured apparent veolcities and relative 
onset tim·es. However, relative amoli tudes and consistency 
of data from all arrivals for one event could help resolve 
this problem. ~timates of the Parameters of phases dis-
cussed in this section were used as a general guide in 
identifying some of the ~hases indicated in fig. 3.31 and 
subsequently used in the interpretation. 
6.3 Refractor depth estimates from some identified phases. 
fu this section, wit~ the discussions in section 6.2 
as guide, some phases indicated in fig. 3.31 are identified 
and used to estimate deoths to the reflector/refractor in 
a two layer model vlith horizontal interface. It is to be 
3 3 0. 
noted 1 that because of interference problems, measured 
values of apparent velocity and azimuth rnay 1 under certain 
conditions, be anomalous. But observed relative onset 
times are probably more reliable and will be used in cornpu-
tations. r,le now discuss ohases suspected to be direct 
waves, wide angle reflections, multiPle reflections and 
refracted reflections. 
6.3.1 The 5.8 krn/s arrivals. 
Velocity filtered records (fig. 3.31) for events 1,2, 
3,5,6,7,8,9,10 and 11 show some phases marked 'C', having 
apparent velocities of about 5.8 krn/s and corning in at about 
one second after the first arrivals. In this section, an 
investigation is carried out to see how well the data from 
these arrivals agree with the two layer horizontal model 
derived in section 5.4. The measured parameters of these 
5.8 krn/s arrivals are shown in table 6.1. 
The amplitude of these arrivals relative to the corres-
ponding first arrivals averages about 0.40. This, combined 
with their measured apparent velocities of about 5.8 krn/s 
and the discussions in section 6.2.2 would suggest that 
these arrivals could be direct waves, P , from near surface g 
foci. Assuming a two layer model with horizontal interface, 
these arrivals are here being interpreted as direct waves 
in an attempt to estimate the depth H to the refracting 
interface generating the first arrivals. The expression 
for the refractor depth is obtained from equation (6.1) as 
I. 
h f I 2 + 1--2) .~ 
H = 2 + l ,.r.. v1 , 
~ 
M 
M I First arrival s.a ~/s arrival laefractor depth H fr~ direct/ 
Ivent Distance Azimuth Apoarent' Azimuth I Apparent Diff~r~~ce in wave. interpretation (km) . 
- . .. onse l.mes (s) r 
number 6(km) (degrees) velocity.(degrees) velocity For For !For 
1 
(km/s) (km/s) h= 5 km h = 10 kmjh = 15 krn 
2 60 94 7.2 100 5.8 1 1.20 6.6 1 9.7 1 13.0 
1 
3 I 60 95 I 7.3 104 5.8 1.20 7.1 I 10.1 I 13.4 I 
I I I I I 5 67 87 I 7.3 88 5.8 1.50 6.8 I 9.8 13.0 
6 67 94 I 7.5. I 78 I 5.6 1.38 I 9.5 I 12.4 15.6 I 
7 n 135 7.5 101 I· 5.S o.oo 115.5 118.4 21.6 1 
8 73 88 7.0 84 I 5.8 0.90 I 9.2 112.1 15.4 i 
10 82 106 7.0 110 5.8 0.80 11.0 13.9 17.1 I 
ll 88 114 I 6.9 JlA 6.0 0.50 I 13.1 16.0 I 19.2 I 
1 59 102 I 7.1 I 86 I 5.6 0.80 7.5 I 10.5 I 13.7 
9 77 107 6.9 114 5.8 0.64 . 10.5 13.5 16.6 I 
i ·· . . 1 . · I · ·I , . r 
Table 6.1. ~timates of refractor.de~th based on interpreting the 
5.8 km/s arrivals as direct waves and at focal depths 
of 5, 10 and 15 km. 
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where t is the stepout time between the onsets of the first 
arrival assumed to be hec:v1wavcs ctnc1 the 5.8 km/s arrival. As 
before, v1 and v 2 are top and lower layer velocities, h is 
the focal depth of source and 1'1 the eoicentral distance measured 
for each event. Focal 2epth is unknown and is expected to vary 
from one event to another nrobably in the range about 0 to 15 km. 
It is, therefore, necessary to see how the choice of focal depth 
affects estim~tes of H. 
For each of the events, one value of H was estimated for 
each of the focal ieoths of 5, 10 and 15 km. The actual observed 
apparent velocity for each 5.8 km/s arrival was taken as v1 while 
the corresponding event first arrival apparent velocity was taken 
as v2 . These quantities were combined with the measured stepout 
times1 t 1 to estimate the refractor deeth H from the equation given 
above. Of particular interest is event number 7 for which the 
7.5 km/s and 5.8 km/s phases arrive the station at about the same 
time as indicated in fig. 6.4. The results from all events are 
shown in table 6.1. It is round from the 10 events that the 
mean values of H for focal 0eoths of 5, 10 and 15 km are 10 + 3, 
13 + 3 and 16 + 3 km respectively. 
deviations. 
rrror estimates are standard 
li is useful to consider the uncertainty in the estimate of 
refractor depth H due to an error in the measured distance~. 
To illustrate this we may use event number 3 for which the 
measured stepout time is l.2s. For this event at an epicentral 
distance of 60 km, fig. 6.5 shows.the calculated refractor depths 
assuming various distances in the range 30 to 100 km and a fo~al 
depth of 5. 0 km. The cUag_tdlll shows that at the distance of 60 km 
and for focal depth of 5 kn1, an error of + 10 km in distance 
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introduces an error of about + 2 km in H. From discussions in 
section 4.6, the error in ctistance at the distance of about 
60 km is abou~ + 10 km. 
In section 5.4.2, estimated maximum depths to the refract-
ing interface in a two layer horizontal model were established 
as 13 km, 16 km and 19 km assuming focal depths of 5 km, 10 km 
and 15 km respectively. ~hese values compare very well with 
the corresponding mean deoth estimates of 10 km, 13 km and 
16 km obtained in this section for the same refractor depth. 
6.3.2 Refracted reflections? 
Coming within less than about one second after the first 
arrivals are some phases (marked 'b' in fig. 3.31) whose measured 
apparent velocities are approximately equal to those of the 
corresponding first arrivals. Because these arrivals come very 
close to the first arrivals and because their phase velocities 
are approximately equal to those of the corresponding first arri-
vals, they may be considered as refracted reflections of the 
type represented by the path FDBCP in fig. 6.6. DP represents 
the surface. FABer is the ray pa.th for·headwaves from the inter-
face ABC. 
The travel time for the headwave path FABCP is 
+ (2H-h) (__!_ 
. v2 
1 
For the path FDRCf', the travel time t 2 can be shown to be 
The other symbols have meanings indicated in previous discussions. 
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The difference, t, in travel times between the I and 'b' 
is thus given by 
t = 
2 h) v~ - vi 
vl v2 
For a given model, this time difference, t, depends only 
on h and is independent of distance 6p Measured values of 
t for events 1, 4, 5, 6, 7, 8, 9, 10 and 11 extracted from 
fig. 3.31 are shown in the fourth column of table 6.~ and 
were substituted in the -2quation above to estimate focal 
depths of these events. ~he mean value oft is 0.84 + 
0.29s (estimate is standard deviation). 
To estimate the focal depth for a given event, the 
value 5.9 km/s was adonted for v1 and the observed first 
arrival apparent velocity for that event was adopted as v2 . 
The focal depth, h, was calculated for each event from the 
corresponding values oft and v2 shown in table 6.2; the 
results are shown in the fifth column of that table. The 
mean focal depth from the 9 measurements was 4.2 + 1.5 km 
(error estimate is standard deviation). rhis result 
suggests that variation in focal depth is small within 
the region of stucty. It also suggests that 5 km may be a 
reasonable average focal depth within this part of the rift. 
6.3.3 Wide angle reflections. 
From the discussions in section 6.2.3, measured apparent 
velocities, azimuths and relative onset times were used to 
identify arrivals likely to be wide angle reflections. 
These arrivals are labelled 'w' in fig. 1.31. 
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I First arrival! Apparent velo-, Difference I Fvent apparent vel-/ city of phase between the Focal depth 
number ocity (km/s) I 'b' (km/s) onset times h (km) of 'a' and 
'h' (seconds) 
1 7 0 l 7.0 0.36 1.8 
4 7.0 7.0 1.00 5.2 
5 7.3 7.4 0.90 4.3 
6 7.5 I 7. 4 1).92 4.2 
7 7.5 7.8 0.88 4.0 
8 7.0 7. 4 1. 40 7.2 
9 6.9 7.0 0.80 4.3 
10 7.0 7.0 0.50 2.6 I 11 6.9 I 7.0 0.80 4.1 
I I 
Table 6.2. Stepout times between the first arrivals and 
the phase 'b' and the calculated focal depths. 
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Preference was given to arrivals coming in at about the same 
azimuth as the corresnon~in~ Eiist arrival. As a guide, it was 
noted that the wide angle reflections lag the direct waves in time. 
In a few cases, some arrivals already considered as direct waves 
were also considered here as wine angle reflections. In section 
3.4.4, it was shown that signal interference could give rise to 
anomalous apparent velocities and azimuths for later arrivals. 
Onset times are, however, not similarly affected. In this analy-
sis, observed apparent velocities for later arrivals were used 
as a guide to phase i~entification while computations on depths 
were based entirely on relat5_ve time measurements. It must also 
be emphasized that there is some element of subjective judgement 
in the selection and identification of later arrival phases. 
For each of the events listed in table 6.3, equation 6.1 
was solved for the interface ctenth H using trial and error 
method. In this equation t was taken as the step out time 
between the first arrival and the phase "w" interpreted here as 
wide angle reflections. v1 was adopted as the measured phase 
velocity of the corresponding "5.8 km/s arrival" and v2 was taken 
as the corresponding observed event first arrival apparent velo-
city. Estimates of the interface deoth H were made for each 
event assuming focal depths of 5 and 10 km as shown in table 6.3. 
From the 6th and 7th columns of table 6.3, it is found that the 
mean reflector/refractor depth estimates at focal depths of 5 km 
and 10 km are 8 + 2 km anr1 10 .±_ 2 km respectively. Error 
estimates are standard deviations. ~hese results are consistent 
with the results of section 6.3.2 and with the first arrival data. 
339. 
Event I Epicentra l I 1·'irst 7\rmarent I Step out Refractor depth 
number distance,f'o. arrival velocity time, t, (krn) 
(km) apJ?arent of between For h h velocity arrival 'w' = For = and 5 km 10 km (km/s) marked 'w' first 
(km/s) arrival 
onsets 
(seconds) 
1 59 7.1 6.5 
.. 
l. 03 .. 9.1 11.6 
.. 
I 
2 60 7.2 5.8 l. 20 .. 7.0 9.5 
.. 
.. 
.. 
3 60 7.3 5.8 l. 20 .. 7.0 9.5 
.. 
4 61 7.0 7.0 1.00 7.4 9.9 
5 67 7. 3 6.6 l. 80 .. 5.5 8.0 
7 72 7.5 6.2 l. 80 7.8 10.3 
·8 73 7.0 7.4 l. 40 9.1 11.6 
9 77 6. 9 6.0 l. 40 6.8 9.3 
10 . 81 7 . () 6 0 4 1.10 10.7 13.2 
11 88 6.9 6.0 1. 60 7.4 9.9 
Table 6.3. Parameters of the phase marked 'w' in 
fig. 3.31 and identified here as wide 
angle reflections. Reflector depth 
estimates in the last two columns were 
made from these parameters. 
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6.3.4 A multiple reflection chase 
We next consider multiole reflections of the type discussed 
in section 6. 2. 4 v.·ith two reflections at the interface at 
depth H and one reflection at the surface, the first reflect-
ion occuring at the interface. Aooarent velocity and relative 
time estimates discussed in section 6.2.4 were used as guide 
in identifying phases that could possibly have such propagat-
ion path. The identified phases are labelled 'm' in fig. 3.31. 
The apparent velocities and step out times, t (relative 
to first arrival onset) for these ~hases are shown in table 
6.4 for eight events. Equation 6.3 was solved for H by trial 
and error method from the data for each event. Values for 
v1 and v2 were adopted as discussed in section 6.3.3. 
Estimates of interface deeth H assuming a focal depth of 5 km 
are shown in the last column of table 6.4-. The mean value 
of H obtained from this table is 11 + 2 km (error estimate 
is standard deviation). It was found that estimates of H 
at focal depths of 5 and 10 km did not differ significantly. 
::rt is d.oubtful :i.f this chase has been ::orrectly identified. 
ThE: interface depth is, therefore, probably estimate1 with less 
confjdence than in the cases of direct waves and wide angle 
reflections. 
6 • 4 Sl.Irnmary 
To be able to identify the chases of selected later 
arrivals with confidence, kn'Jwledge of the model, the focal 
depth and the, epicentral distance is required. Estimat.es of 
distances and fecal denths we:r-e made in chapter 4. It was 
shown t.hat distances for events now und.er consideration were 
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Event Epicentral First Apoarent SteP out Reflect-
number distance,/:.. arrival velocity time, t, or depth, 
(km) apparent of between H assum-
velocity arrival 'm' and ing h = 
(km/s) marked 'm' first 5 km 
(km/s) arrival (km) 
onsets 
(seconds) 
1 59 7.1 8.0 3.os 14.0 
2 60 7.2 6.6 2.30 11.2 
4 61 7.0 7.4 2.00 10.2 
5 67 7. 3 5.8 2.40 11.0 
7 72 7.5 6.2 2.78 12.0 
10 81 7.0 6.4 2.38 11.8 
11 88 6.9 6.6 2.20 10.4 
3 60 7.3 6.6 2.26 10.5 
. 
Table 6.f. Parameters of the phase marked 'm' 
in fig. 3.31 and interpreted here as 
multiple reflections of the type 
described in sections 6.2.3 and 6.3.4. 
Reflector depth estimates in the last 
column were made from these parameters. 
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estimated to within about + 10 km. It was not possibleu howevery 
to quantify the uncertainty in the estimates of focal depth 
although discussions in section 6.3.2 and other geophysical/ 
geological data suggest that depths of focus are unlikely to 
be greater than about 15 km within the survey area. First 
arrival apparent velocities and azimuths were measured with 
high accuracy and were used to derive plane layered models in 
chapter 5. 
The parameters of later arrivals may have been determined 
with lower accuracy for various reasons. Interference effects 
(see section 3.4.4) may give rise to anomalous values of 
measured apparent surface velocity and azimuth of these later 
arrivals. This would make the use of the magnitude of these 
measured parameters as aid to phase identification unreliable. 
The thickness and the nature of the volcanics overlying the 
basement in the study are not known with reasonable accuracy. 
It is possible that some reflections/refractions from these 
volcanics could have been identified as coming from deeper 
levels. 
In the light of these and other uncertainties, it is clear 
that the second arrival interpretation serve only as a support 
to the model derived from first arrival data. However, the 
phases here identified as direct waves and wide angle reflections 
are more reliable than the others because they give apparent 
velocities close to those predicted by the model derived from 
the first arrival data. 
In this chapter, second arrival data have been used to 
confirm and refine the estimate of depth to the 5.8/7.2 km/s 
interface in the two layer model with uniform velocities derived 
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from first arrival data in ~hapter 5. The first and second 
arrival data are now interpreted in terms of two layer model 
with a horizontal interface at a depth of 13 + 5 km (fig. 6~7). 
The top and lower layer velocities are 5.8 + 0.2 km/s and 
7. 2 + 0. 2 kny' s respectively. The depth estimate assumes a mean 
focal depth of 10 km. An increaseldecrease of 5 km in focal 
depth introduces an increasEidecrease of about 3 km in the 
resulting estimate of interface depth. It is suggested that 
the data has sampled the top surface of a mantle derived crustal 
intrusion. The exact lateral extent of the top surface of this 
inferred intrusion is not established by the present data 
although a minimum lateral extent of about 30 km is suggested. 
The second arrival data has also been shown to be consistent 
with the model of fig. 5.16e redrawn here as fig. 6.8. This 
model comprises a 10 km thick upper horizontal layer of velocity 
5.8 kny's underlain by a 10 km thick intermediate layer in which 
velocity increases from 6.1 km/s at a depth of 10 km to 7.5 km/s 
at 20 km depth. This is,in turn, underlain by a 7.6 knYs 
refractor. The 5.8 km/s top layer is associated with the phases 
identified as P and having apparent velocities of about 5.8 km/s. g 
The first arrivals observed in the present data {with apparent 
velocities in the range 6.9-7.5 km/s) may be identified as 
diving waves sampling the greater part of the intermediate layer. 
The increase in velocity with depth can be associated with 
penetrative injecti?n of multiple dykes from below. This, in 
turn, suggests that the rifting process is probably caused by 
such asthenospheric intrustions. The model of fig. 6.8 is thus 
a very plausible and realistic model for this part of the rift, 
and is preferred to the model of fig. 6.7. 
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CHAPTER 7 
DISCUSSION AND. CONCLUSIONS 
7o1 The preferred model compared with previous models 
346. 
The present data have been used to derive models fo~ the 
structure of the lithosphere beneath the Gregory rift at abo~t 
Oo5°N latitudeo The data have been interp~~ted in term~ of 
a two layer model with horizontal interface (section 5o~o2) 9 
in terms of a two layer model with gently dipping i~terface 
(section 5o4o3) and in terms of a three layer model with 
linear increase of velocity with depth in the intermediate 
layer (section 5o7o3)o 
The model including a layer of uniform increase in velocity 
with depth (figo 7o1a) and the simple two layer model (figo7o1b) 
both explain the data adequatelyo For the two layer model 9 
assuming a mean focal depth of 10 km for the region under 
study~ the depth to the interface is estimated as 13 ~ 5 kmo 
.At this focal depthp an increase/decrease of about 5 km i~ 
focal depth introduces an increase/decrease of about 3 km in 
the estimate of refractor deptho The estimated minimum 
lateral extent of the top surface.of the 7o2 km/s material 
consistent w~th the present data is about 30 kmo If~ as 
suggested in section 5o7o4~ the typical distance used in this 
studyi had been overestimated by about 10 km, the correct 
estimate of minimum width would be reduced from 30 km to about 
20 kmo The estimate of 30 km is significantly larger than 
about 10 km suggested by gravity data (Baker and Wohlenberg 9 
1971)o The boundary (expected steep and sharp) between the 
normal shield crust to the west of Kaptagat and the rift 
structure to the east could not be defined by the present datao 
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The preferred model (figo 7a1a) has a 10 km thick top 
layer of velocity 5a8 km/s underlain by an intermediate laye~ 
in which velocity increases from 6o0 km/s at 10 km depth to 
ia5 km/s at a depth of 20 kmo This isv in turnv underlain by 
a 1a6 km/s refractoro This model 9 like th~ model of Khan et 
ala (fig a 7a 1c )· ~ suggests multiple dyke inJection OE' diapiR:ism 
as the primary cause of riftingo This is a very plausible 
model and appears more realistic than the model of figo 7a1b 
although the former requires more data for better definitiono 
The model of Khan et alo(1987} for the axial part of the 
southern portion of the Gregory rift is shown in figo 7a1Co 
=1 In this model basement velocity increases from about 6a1 kms 
=1 . 
at about 2 km depth to 6o25 kms at 10 km deptho Like the 
models of figo 7a1a and b~ this model indicates higher aver®g~ 
upper .crustal velocity than would be expected for rnormal shield 
structureo Like the model of figo 7o1av the model shown in 
figo 7a1c shows velocity increase with depth indicative of 
asthenospheric diapirismo In many other respects the model of 
Khan et ala(19~7) seem to differ from the models derived in 
this present study and the model of Griffiths et ala(1971) foE' 
the axial part of the northern section of the rift (figo 7o1d)o 
These differences could be explaineda The model of figo 7a1C 
was derived from a N-S axial profile while the models of 
figo 7a1a and b were derived from an E=W profile across the 
0 
rift at about OoS No It is~ therefore~ probable~ as suggested 
by Khan et alo(1987) 9 that the crustal structure beneath the 
rift varies along and across the rifto 
A lithospheric model for the axial part of the northern 
Gregory rift (figo 7o1d) derived from explosion refract!~~ deta 
(Griffiths et aAoo ~'11) was discuss~d !n section 1a5o4o 
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I~ this model~ the existence of the 6o4 km/s material ~as 
suggested by gravity data with no i~depe~dent confir~atio~ 
from the refraction data of Griffiths et ala(1971)o 
In the present study~ the 6o4 km/s material has also not 
bee~ observed although its existence is not ineo~sistent with 
the datao But the 7oS km/s material of Griffiths et alo(1971) 
and the 7o2 km/s material suggested by the two layer model fro~ 
pres~nt data most probably refe~ to the same crustal i~trY~io~o 
The Griffiths 0 line was oriented approximately north=soYth 
along the rift axis while the present data sampled the structure 
along an approximately east=west profile at about Oo5°No Any 
difference in velocities measured in these two directions could 
be due to a northward dip on the refracting interface as suggested 
by X..Ong and Backhouse (1976)o 
Maguire and Long (1976)p using first arrival data from 
records similar to those used in the present study, established 
that anomalous material with true velocity in the range 7.1=7~5 
km/s exists beneath the axis of the Gregory rift at the latitude 
of Kaptagat (figo 7s1e)o They suggested that this may lie 
beneath a 6o4 km/s material of Griffiths et ale (1971)e But 
Maguire and Long (1976) did not estimate the depth to and the 
width of the top surface of the 7a1-7.5 material. Their data 
assumed (but did not confirm) the existence of the 6.4 km/s 
material. If this assumption· is removed, it .. is evident that 
their model is in broad agreement with the simple two plane 
tayer model (fig .. 7o1b) derived in the present study., The 
present data has~ however 11 given estimates for the depth to 
and the. minimum lateral extent of the top surface of what is 
probably the ~arne material as the top of their 7.1~7.5 kmis 
material and which corresponds to the 7e2 km/s refractor in 
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th~ presen~ analysisa 
Like the present data 9 the seismic profile of Swain et 
0 
ala(1981) at about OaS N did not confirm the presence of the 
6a4 km/s materialo But their gravity data along the seismic 
profile suggests that such a material may exist as an 
intrusion within the basementa The lateral extent of the 
top surface of their inferred intrusion is estimated to be 
about 20=35 km~ this estimate is of the same order of 
magnitude as the corresponding estimate for the two layer 
model (figo 7o1b) derived hereo 
It is probable that what is being interpreted .in the 
present st~dy as 7o2 km/s refractor is the same as the basement 
intrusion suggested by the combined seismic and gravity data 
of Swain et alo(1981) although their estimate of the depth to 
its top surface (about 7 km) appears smaller than the corres= 
ponding estimate of about 13 km from the present datao 
The observed variation in the lateral extent and the 
depth to top surface of the inferred intrusion obtained by 
various gravity data may be real but could also be caused by 
the unknown variations in the thickness and density of the 
basement covere Until the work of Khan et ale(1987), the 
thickness and density of the sediments/volcanics above the 
basement were not well known; from this work it is now known 
that the thickness and velocity o~ the sediment/volcanics for 
the axial part of southern portion of the rift vary with 
latitude along the trend of the rift axiso If proper correc= 
tions are not made for this variation, differences in gravity 
model, as observed above 7 may result even when the deeper 
structure itself does not change with latitude.. More small 
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scale seismic rcfr<:.lct:i.on/reflection experiments designed to 
determine basement depth and velocity (and density) of super= 
ficial material along the existing and future gravity profiles 
along and across the rift zone will help in obtaining unique 
gravity models for the sub volcanic structure beneath the rift 
The seismic model from Savage and Long (1985) for the 
central part of the Gregory rift close to the equator and just 
south of the present survey area is shown in figo7o1fa This 
model has a curved upper surfaceo The present data couldp 
however~ only _support interpretations involving plane inter= 
faceso The 7oS km/s material in figo 7a1f which was originally 
suggested by Griffiths et alo(1971) for the part of the axis 
north of the present study area is as suggested above 9 probably, 
the same as the 7o2 km/s material in the present modele 
Depth to the top surface of the crustal intrusion in figo 
7a1f is about 20 km while the corresponding depth estimate to 
.the top of probably the same intrusion in figo 7o1b is 13 ~ 5 kmo 
The two depth estimates are~ thereforep not significantly 
differento It will be emphasizedp howeverp that while the 
teleseismic data are capable of giving broad details of 
structure at upper mantle depths~ such data are not normally 
suitable for detailed description of the geometry of the top 
surface of small scale intrusions within the crusta 
There may be differences in detail between the present 
models and other previous models and also between the previous 
models themselveso But there is a broad agreement between the 
present models and other models in support of the observation 
that the structure of the crust/lithosphere beneath the Gregory 
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rift is es~entially different from that of normal shbeld 
structure observed outside the rift zoneo Data from Kha~ et 
alo(19SX) suggests crustal thickness of about 35 km but 
anomalous crustal and 99f·1oho 99 velocities a Most other models 
including those derived in this study (figo7o1a and b) ar~ 
consistent with extreme thinning of the crust/lithosphere 
beneath the Gregory rifto Furthermore~ velocity increase with 
depth as observed in the present study (figo 7o1a) probably 
results from multiple dyke injection from below the lithospherea 
This intrusion will~ in turn~ provide the driving mechanism 
for the rifting processo 
7~2 Some limitations of the present dataa 
~2o1 Uncertainties in the estimates of focal depth and distanceo 
The local earthquokes whose seismograms were analysed in 
the present work were not recorded at other stations outside 
the arrayo Consequently both the epicentral distancesp focal 
depths and onset times of recorded phases had to be measured 
from the array seismograms themselvesa But accurate deter= 
mination of epicentral distance and focal depth requires a 
prior knowledge of the seismic model of the crust/lithospherep 
which~ of course~ is initially unknown and is~ in fact 9 the 
main object of the studyo The use of the same seismograms 
for both structural modelling and the estimation of the earth= 
quake source parameters inevitably involves wider assumptions 
th~n could be tolerated in the interpretation of data from 
controlled seismic experimentsa 
Particularly disturbing is the uncertainty in the 
estimate of focal depths of eventsu This uncertaintyp in turnv 
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affects the estimates of interface depths in any plausibl® 
modele In the present data 9 focal depths could not be 
determined unambiguously and the estimates of epicentral 
distances were based on phases (uxu) whose identity could not 
be ascertained uniquelyo Howeverp constraints from other 
geological/geophysical data were used to narrow the limits 
for the estimates of these source parameterso 
It is obvious that the details of the shallow structure 
(seismic) beneath the rift zone can only be obtained from 
controlled refraction/reflection experiments similar to 
KR!SP85 (Khan et alo 9 1987)o E-W seismic profiles across the 
rift at different latitudes are p~rticularly important for 
studying·th~ variation of crustal/lithospheric structure along 
the rifto This can be supported by the recordings of local 
earthquakes using suitable mobile station networkso 
~2o2 Application of velocity/azimuth filtering technique to 
records from local earthq.!:!.p.keso 
Velocity filtering had traditionally been developed and 
successfully applied to the study of teleseismic events where 
recorded phases are normally well seperated from one another 
in timeo Its use in the study of local earthquake records 
has not been equally well reportedo This is possibly because, 
in the case of local events 9 many phases often arrive the 
station partially superposed or seperated by times too small 
for these phases to be confidently resolved by velocity filter= 
. 
ingo This interference problem (discussed in section 3o4.,4) 
could result in measured apparent velocities and azimuths 
which may be significantly different from their true valueso 
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Identification of later arrival phases on the basis of 
such measured values could therefore some times be misleadingo 
To achieve more reliable identification of second ~~rival 
phases in this study 9 the peaks indicated on the velocity 
filter outputs were 9 therefore 9 as far as possiblep recon= 
cilled with the corresponding phases seen on the single 
seismogramso It was observed that prominent phases including 
p and some reflections could be easily identified with g 
confidence on both recordso Although interference could some 
times produce anomalous values of measured apparent velocity 
and azimuth for some second arrival phases 9 the relative onset 
times for such arrivals are not normally affectedo Inter-
pretation of such arrivals was 9 therefore 9 in this study based 
on measured relative onset times while estimated velocity 
values were used mainly to aid phase identificationo 
7o2o3 The volcanic/sedimentary covero 
The effects of lavas and sediments overlying the basement 
along the profile of the present data hav~ been ignored in the 
present analysiso These lavas and sediments are expected to 
have velocities significantly lower than normal crustal velo-
citiese However~ their thicknesses and velocities along 
present profile are not known accurately although some 
estimates have been reported for various parts of the rift 
zone., 
King (1978) suggests a total thickness of about 5oS km 
for the rift trough southwards from-Lake Baringoo A maximum 
thickness of about 3000 m is estimated in the northern part 
of the Kamasia area (Chapman et alo~ 1978)o A seismic profile 
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along the southern portion of the rift axis indicates that 
depth to basement is about 2 km beneath Susua and Lake Baringo 
and about 6 km beneath Lake Naivasha (Khan et alo~ 1987)o All 
-these estimates are for basement cover within the axial part 
of the rift which may be a very narrow belto 
Of more relevance to the present analysis is the variation 
in the thickness of volcanic/sedimentary cover along an E=W 
line crossing the rift at the latitude of Kaptagato Inter= 
pretation of a 50 km E-W reversed refraction line between Lake 
Baringo and Chebloch gorge indicates a 2o0=3o5 km thickness of 
3o7 km/s volcanics overlying a 5o7=5o8 km/s material thought 
to be crystalline basement (Swain et alo~ 1981)o There is 
reasonable over lap between this profile and the profile of the 
present datao It was shown 9 in section 2o2 9 that the thickness 
of the volcanics beneath Kaptagat station is about 150=200 m 
which is negligible compared with thickness of the basement 
cover within the rift trougho Estimates of depths to inter= 
faces (within the rift) obtained in this study would~ therefore~ 
have to be increased by about 2 km to take account of the 
difference in the thicknesses of the basement cover beneath 
Kaptagat and the rift trougho 
The presence of the volcanics and sediments which have 
considerably lower velocities than crustal rocks would be 
expected to influence the values of onset times measured from 
the recordso This 9 however 9 will not have adverse effect on 
the present data which measures only relative onset timeso 
Moreoveri most,of the useful rays arriving Kaptagat where 
basement cover is negligible may not have sample significant 
part of the low velocity sediments/volcanicso 
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7o3 The present study and theories of rift formation 
The theories for the formation of continental rifts 
discussed in chapter 1 fall into one or the other of the two 
broad mechanisms = active or passive (Senger and Burke 9 1978)o 
Specific theories discussed within these two broad categorie$ 
include the following~ (a) lithospheric plate motion over 
mantle hot spots or plumes~ (b) membrane tectonic theory 9 
(c) lithospheric stretching mechanism and (d) the perturbation 
and upward movement of the lithosphere/asthenosphere boundaryo · 
The present data together with other available data could be 
used to establish which of these mechanisms offers the most 
satisfactory explanation for the formation of the Gregory rift 
in particular and the Eastern rift in generalo 
Geophysical data show that the lithosphere beneath the 
Gregory rift zone (and indeed the whole of the Eastern rift 
zone) is underlain by low density/low velocity and relatively 
hot asthenosphere with significant partial melt fractiono 
From this and other studies 9 it is shown that this astheno= 
spheric material shallows beneath the rift axis indicating 
enhanced thinning of the lithosphereo Geological data 
(Bailey~ 1983; Wendlandt~ 1982) support the theory that 
lithospheric thinning and subsequent rifting in East Africa 
are explicable from a source of heat in upwelling mantle 
below the lithosphere (Gass et alo~ 1978; Gass 9 1970p1972; 
Bottp 1981)o The convected heat gives rise to thermal 
perturbation of and upward migration of the asthenosphere/ 
lithosphere boundaryo From the present datap this active 
mechanism is preferred to the others as the most viable 
explanation for the formation of the Gregory rift and other 
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continental riftso 
The essenti~l fcntures of this mechanism are given by 
Bott (1981)o Diilgrams illustrating three main stages in the 
process~ together vliliJ Oott 0 s captions!) are shown in figo 7o2o 
Bott 0 s explunations <~re 9 in essence 11 similar to those of Gas~ 
(1972)o The present stage of development in the Gregory r.ift 
is very close to stage c suggesting severe lithospheric 
thinning of the lithosphere but no crustal disruption .in 
agreement with geological data (Kingp 1978)o 
This theory of tllcrrrwl perturbation of and the upward 
migration of the litho!'>phere-asthenosphere boundary is due 
primarily to convection of heat into the rift zones by 
ascending magmao 'lllc~ theory adequately explains domal up= 
lift and the obscrveu evolution of volcanism from strongly 
alkaline basalts to tr-ansitional basalts and tholeiitesa The 
stress system resul ling from the combined effect of topo= 
graphic load of the uplifted region and the upthrust caused 
by the underlyirE:J low density upper mantle is sufficient to 
cause riftingo Cluy models of Cloos (1939) and finite element 
analysis of.Neugcbaucr (1978, 1981) show that the nature and 
finite extent of tlte c;regory rift can also be explained as 
due to rifting in the resulting domed structureo 
The membrane tectonic theory argues that the East African 
Rift system was produced by membrane stresses in the 
lithosphere developed in response to the rapid latitude 
change experienced by Enst Africa during the late Cretaceous 
and Tertiary., The t:IJ(x)ry explains the major features 
associated with tile Gregory rifto As observed, the rift 
qeveloped in the C''!IIT<ll part (which should be under tension) 
(a) 
(b) 
{c) 
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Fig· 7-2: Stages tn the development of a domed and rifted 
structure: la) Hot spot forms below the continental lithosphere 
by upwelling from the deeper parts of the rnantle· (b) The contin-
ental lithosphere lJecornes heated and thinned, with consequent 
isostatic uplift rmd development of tensile strec..E system in the uppc 
crust- (c) Gruben fornJCttion storts whert the tensile stresses become 
sufficiently let rye- (From Butt 1Y8'1} · 
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of the African plate moving north towards the equato~o This 
direction of plate rnotion 9 in turn 9 explains the observed 
southward migration of rifting and accompanying volcanismo 
The nature and finite extent of the rift are also explainedo 
But the extension across the Red Sea and the Gulf of Aden is 
too much to be explained by the membrane tectonic theoryo 
The preferred model from the present data (figo 7o1a) 
shows an increase in velocity with depth within the crusta 
Evidence of such velocity variation is an evidence for 
multiple dyke penetration from belowa This~ in turn 9 is an 
evidence for the mechanism of the upward migration of the 
mantle materialo The present data is, thereforep consistent 
with other data in supporting the theory that rifting within 
the Gregory rift zone (and in deed the whole of the East 
African rift zone) is caused primarily by thermal perturbation 
of and upward migration of the lithosphere/a~thenosphere 
boundary. This active mechanism could be aided by one or 
more of the other mechanisms. But before active spreading 
can take place within the Eastern rift, the seperate magma 
regions below the Ethiopian and Kenya domes must be linked. 
It will, therefore, be useful to investigate the extent to 
which these regions are linked at depth. 
7.4 Suggestions for further research 
From empirical linear relationships between delay time, 
station elevation and Bouguer gravity anomaly, Fairhead and 
Reeves (1977) have produced a map of lithospheric thickness 
for Africa. This map reveals a zone of thinning coincident 
with the ~ift system, from Ethiopia throug~ Kenya and 
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Tanzania to J\ngoL-1o 'lhe thinning is most pronounced beneath 
the rift valleysa Volcanism and high heat flow are all 
associated with zones of lithospheric thinning which may be 
future sites ·of lithospheric ruptureo 
Nearly all the different stages of continental rifting 
have been recognized within the Eastern rifto The sequence 
of development seems to evolve from incipient rifting in 
Southern Africa progressing northwards to a region of block 
faulting in Tanzaniao This advances to major rift develop= 
ment in Kenya with volcanics on the rift shoulders and along 
the rift flooro Further north, there is increasing valcanism 
through the Ethiopian rift culminating in sea=floor spreading 
and the development of a fully oceanic region in the Gulf of 
Aden, 
These observations suggest an imminent/eventual break up 
of the African continent along the Eastern rift zone. To 
investigate this suggestion~ further studies of the crust and 
the upper mantle beneath the Gregory rift and other parts of 
the Eastern rift zone are required to ascertain the variation 
of lithospheric thinning along the trend of the rift zone. 
7.4.1 The crust .. 
From seismic data it has been established that the crust 
on the western flank of the Gregory Rift is of the normal 
shield type (Maguire and Long, 1976). It will be useful to 
confirm the suggestion that a similar normal shield crustal 
structure exists beneath the eastern flank and beyond. Most 
current upper mantle models for the Gregory Rift zone (from 
seismic and gravity data) assume that the western and eastern 
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flanks sit on the same type of crusta This assumption should 
be tested by acquiring fresh and better refined seismic and 
gravity data for further elucidation of the crustal structure 
within and outside the r.ift zoneo Such experiment should 
also be able to define the positions of the boundaries 
between the normal shield structure to the west (and also to 
the east) and the rift structure in betweeno 
Long range controlled refraction profiles (with close 
station spacing) along and at right angles to the rift axis 
are required for these studieso Khan et alo(1987) have 
already interpreted one such profile approximately 300 km long 
along the axis of the southern portion of the Gregory rift 
from Lake Baringo to Lake Magadio Their interpretation (figo 
7o1c) appears to differ significantly from the model of 
Griffiths et alo(1971) for a 367 km long seismic refraction 
profile along the axis of the northern part of the rift 
between Lake Turkana and Lake Bogoria (Hannington) (figo 7o1d)o 
The difference between these interpretations could be due 
to differences in crustal structure along the rifto It could 
also be due to differences in quality and quantity of datao 
It is important to resolve this differencea To this end it 
will be useful to carry out another long range controlled 
seismic experiment along the profile originally shot by 
Griffiths et alo(1971) in the manner of KRISP85o 
Other long range refraction profiles parallel to but 
outside the rift axis are requiredo Also required is a series 
of east=west controlled refraction/reflecti~n profiles at right 
angles to the rift axis at. different lati tudeso This will help 
study the vari-ation of crustal structure along and across the 
rift axisa Such east~west profile (although rather short) has 
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been shot across the rift axis at about 1°S latitude (Khan et 
ala 9 1987)a But the data from this profile has not been 
interpreted probably because of poor record qualityo Within 
the rift zone 9 it will be useful to have controlled small 
scale reflection experiments to complement refraction data in 
elucidating crustal structureo Data from controlled seismic 
experiments should be supplemented with mobile network records 
of local/regional earthquakeso 
Both the reflection and refraction data should be aimed 
also at determining the spacial variation of the thicknesses 
and velocities of the volcanics/sediments overlying the base= 
ment within the rift zoneo This information will be of 
immense use in reinterpreting more reliably 9 already existing 
and the yet to be acquired gravity data for the elucidation 
of the rift structureo The limits of what can be done depends 9 
of course~ on the available fundso 
It will be helpful if fresh gravity measure~ents are 
made along all the seismic profiles suggested aboveo Attempt 
at more precise determination of densities of near surface 
rocks can then be made and fresh gravity models obtained., 
The combined gravity and seismic data should aim at studying 
the variation of crustal/lithospheric thinning along the trend 
of the rift axis thereby shedding more light on the debate 
about the imminent break up of the African continent along the 
rift zoneo 
7o4o2 The upper mantle 
A knowledge of the detailed structure of the crust in 
and around the rift zone that will result from the implement= 
ation of the discussions in section 7o4o1 will help in the 
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derivation of a more accurate and realistic model for the 
structure of the upper m~ntle and belowo Knowledge of the 
structure of the crust and upper mantle within the rift zone 
will ~elp in the understanding of processes responsible for 
the formation of the Gregory rift and other continental riftsa 
This will 9 in turn~ help establish whether the rift system is 
at the closing stages of a stalled evolution or is marking the 
initiation of an episode of lithospheric spreadingo 
It is~ for example important to establish to what extent 
the Kenya and Ethiopian domes are linked at depthe For such 
investigation, .new refined and better controlled regional 
seismic and gravity data are requirede Teleseismic delay time 
dat~ from mobile network of independent stations could be used 
to define the upper mantle structure in the region beneath and 
between the Kenya and Ethiopian domes., Further information on 
slowness anomalies should also be obtained by having small 
aperture seismic arrays included within the mobile network. 
The array aperture should be small because of the expected 
rapid lateral variations in structure within the rift zone. 
In principle, it should be useful to supplement above delay 
time and slowness data with fresh regional data from controlled 
seismic reflection and refraction data if cost permits. 
It is also necessary to reinterpret currently available 
local and regional gravity data within the rift zone and to 
add new data.. Reinterpretation should be carried out only 
after accurate and reliable values of thicknesses and densities/ 
velocities of the superficial volcanics/sediments within and 
outside the rift zone must have been determined., These enlarged 
data would further elucirlate the upper mantle structure 
especially in the region between the Kenya and Ethiopian domes. 
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The combined crustal and upper mantle study should unambiguously 
define the variation of the position and the depth and lateral 
extent of the crustal intrusion inferred from gravity data 
along the trend of the rift and with respect to visible rift 
structureso The link betv1een this intrusion and any feeder 
from below should also be establishedo 
7oS Conclusionso 
In chapter 1 a review of previous geological and geophysical 
studies of the crust and the upper mantle within the Eastern 
rift zone was given with emphasis on the Gregory rifto These 
studies reveal the evolution of the Gregory Rift and suggest 
possible theories for the formation of this and other con= 
tinental riftso 
Chapter 2 discusses the collection of data from the small 
aperture Kaptagat array station located at about OoSN in 
Northern Kenyao Chapter 3 describes the theory 7 performance 
and problems of the velocity filtering technique used in 
processing the datao Data from local rift events to the 
immediate east and south west and from more distant rift events 
to the north and south of Kaptagat were processed using programs 
developed for the CTL Modular 1 computer and the University of 
Durham IBM 360/370 computero The resulting data used for 
interpretation were in the form of apparent velocities and 
azimuths of first and later arrival phaseso The first arrival 
data were determined with a high degree of accuracyo Inter= 
pretation in the present study was based only on data from 
closein eastern local rift events since ray paths from these 
events must definitely have sampled the rift structure better 
than ray paths from other events further to the north and southo 
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In chapter 4~ probable values of focal depth in the 
region of study were discussedo On the strength of available 
geological and geophysical data it is argued that depths of 
focus greater than about 15=20 km are unlikely within the 
Gregory rift zoneo Average focal depth of about 5=10 km 
appears realistica A prominent arrival on the records~ 
designated 0 X 0 arrival was used in estimating epicentral 
distanceso An empirical curve for converting P=X times to 
epicentral distances of events was derivedo Using this curve 9 
measured P=X times \vere subsequently converted to epicentral 
distances for realistic focal depthso These distances were 
combined with the corresponding measured azimuths to locate 
the event epicentreso The epicentres thus located were 
observed to lie mostly within the axial trough of the Gregory 
rifto 
Interpretation of the first arrival data was carried out 
in chapter So These data were first interpreted in terms of 
a two layer model with a horizontal interfaceo The top and 
lower layer velocities consistent with the data were as 5o8 
km/s and 7.2 km/s respectivelyo The maximum depth to the 
refracting interface was estimated as about 16 km if a mean 
focal depth of 10 km \>tere assumed.. An increase/decrease of 
5 km in focal depth increases/decreases this maximum refractor 
depth estimate by about 3 kmo From other geophysical data the 
minimum depth to the refractor was estimated.at about 6 km .. 
The first arrival data is also consistent with a two 
layer model with a gently dipping plane interface dipping 
from Kaptagat up towards the rift axis at an angle of no more 
than ~out 6°o On this model~ estimates of the depth to the 
Kapta~at end or minimum westward limit of the refractor are 
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not significantly different from the corresponding depth 
estimates from the two layer model with a horizontal inter= 
face discussed aboveo 
The data is inconsistent with a steeply dipping boundaryo 
This implies that the present data has not sampled the steep 
boundary suggested to scperate the normal shield crust to the 
west of Kaptagat from the anomalous rift structure to the easto 
In chapter 5~ it was shown that the first arrival data 
could also be explained in terms of a three layer horizontal 
model with top and middle layers each about 10 km thicka 
The top layer has a uniform velocity of 5o8 km/sa In the 
middle layer velocity increased from 6e0 km/s at a depth of 
10 km to 7e5 km/s at a depth of 20 kmo The intermediate layer 
overlies a 7a6 km/s refractoro This model is also consistent 
with second arrival data discussed in chapter 6 and is preferred 
to the simple two layer rnodelo 
In chapter 6, the depth to the interface in the two layer 
model was further constrained and refined by the second arrival 
data. The resulting refined two layer model consists of two 
uniform horizontal layers with upper and lower layer velocities 
of So8 ~ 0.2 km/s and 7o2 + Oo2 km/s respectively. The depth 
to the refracting interface was estimated at 13 + 5 km. The 
minimum lateral extent of the top surface of the 7.2 km/s 
refractor was estimated as about 20=30 kmo 
The preferred model (fige 7a1a) has been discussed above. 
This model includes an intermediate layer in which velocity 
increases uniformly with depth as shown in fige 7o1ae This 
velocity increase with depth is evidence for multiple dyke 
penetration fr~m belovJo This~ in turn, is evidence for the 
mechanism of upward migration of the mantle material from below. 
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A velocity of about 7oS km/s at a depth of about 20 km suggests 
extreme thinning of the crusta A similar conclusion is reached 
from the simple two layer modelo 
Extreme thinning of the crust/lithosphere beneath the 
Gregory rift at about Oo5°N latitud~ isp thereforep inferred 
from the present studyo The models derived here are consistent 
·with the theory that rifting is primarily caused by upward 
migration of the lithosphere/asthenosphere boundaryo This 
therm~l upwelling is driven by gravitational instability of 
the less dense and hotter asthenosphere under the more dense 
mantle lithosphereo Lithospheric tension induced by the 
resultant isostatic crustal uparching gives rise to graben 
fcgrmationo In the process~ magma and volatilesp if avail= 
able~ are injected along the axis of the grabeno But before 
active spreading can take place within the Eastern rift zone~ 
the seperate magma regions beneath the Ethiopian and Kenya 
domes must be·linkedo 
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'rilE VELOCITY Ji'IIJPER PROGRAf\'1 FOR ~10Dl CONFUTER 
Thir,; program was written for use on Hod.l computer in 
a speciali:Jed lane;uage called SERAC (seismic record 
analyDis compiler). The present form is adapted from an 
orisino.l program written by Forth (1975) and late I· modified 
by Armour (1977). 
In the form prenented here~ the proe;:r:-am processes ::trro.y 
clr:lta of events recorded on 8 channel magnetic tapes o.ncl 
produces n plot~ on an X-Y plotter, of a series of 
correlator functions for one azimuth and a ranee of 
velocities. Input data to the program include azimuth and 
the 8 channel array record which has previou8ly been 
transferred from tape to disc file. The procrao can, of 
course, ea~3ily be modified to handle up to lG channel array 
uata 2.!3 input. 
72; 
; . 
SPR; 
AZIMUTH; 
ASK; 
ADD;159;1041 
SPR; 
FILEN1 
ASK1 
CA.LL1 581 
LIN;;18;; 
INS;K(159; 
A Dl}E~ D"!X A 
EVA;TBP=01 
INP;K;;1,2,3,4,5,6,7,3;1,2,3,4,5,6,7,8; 
WE I.; 8 ; • 0 2 ; 5 4 ; 
OUT;;I1,2,3;54,61,62; 
ADD;62,63;62; 
1F;TBP<1D; 
IGOT0;10; 
ELSE; 
CALL; 58; 
18DO;A,B,D;5.0,5.0,1.0;0.5,0.5,0.8;10.0,10.0,9.0u 
INS;C;159; 
EVA;TBP=O; 
CALL; 58; 
INPUT;C;;1,2,3,4,5,6,7,8; 
1,2,3,4,5,6,7,8; 
STACK~1,2,3,4,5;A;E;50; 
STACK;6,7,8,9,10;B;E;51; 
MUL;50,51,50; 
60,60,51; 
50,51,71; 
IF; C ( • 71 , 0) <0 ; 
SUB;71;70;71; 
SQRT;71;71; 
~UB;71;70;9; 
·GOT0;33; 
ELSE; 
SQRT;71;9; 
INT;9;.20;52; 
WEI;52;.1;53; 
ADD;53,103;54; 
ADD;62,63;62; 
·ouT;0;;1,2,3;54,61,62; 
IF;TBP>11; 
GOT0;42; 
ELSE; 
IGOT0;22; 
SPR; 
CPRL100,104; CON-r; 
DO;H;1.0;0.8;9.0; 
CALL; 58; 
EVA;TBP=O; 
Il\JP ; ; ; 1 r 9 9 ; 
ADD;62,63;62; 
OUT;<<1,2,3;107,61,62; 
IF;TBP<10; 
IGOT0;48< 
ELSE; 
SPR; 
CPR.;107; 
CONT; 
FGOT0;1<; 
~P~E~DIX A contd. 
58SET;50,51,52,53,60,61,62,63,70; 
0, O, 0, 0,.1,10,0,.01,0; 
00;90;0; .01;1; 
SET;9,12;,; 
SET;1,2,3,4,5,6,7,8;,,,,,,,; 
INP; ; ; 1 ; 9 1 ; 
OUT;;;1,2,3,4,5,6;50,51,53,54,61,62; 
IGOT0;59; 
CONT; 
SET; 61; -10; . 
.RETURN; 
END; 
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0 
9 
SPR9 
FILEN9. 
ASK; 
INS9C9159; 
1\.J:TJ~l'W..LX. J1 
SET~ 19 ~ 20 ~ 21 9 6 o ?8 ~ 11- o 0 ~ 0 o 59 
SET;22 9 23,24:;0.4~1.45,5.0; 
EVA;TBP=O; 
CALL;31; 
CALL; 3l~; 
IF ;TBP <Oo 50 9 
IGOT0;7; 
ELSE; 
DO;A;O;Oo01;0.5; 
MUL;l9~30;20~100;30,31; 
EVA 9 C ( o 41 , 0) = C ( o ;?li , 0) *SIN C ( o 31 ~ 0) 9 
SUB;22;23;33; 
DIV;33;21;3L~:; 
MUL;34;100;35; 
ADD;35~22;36; 
EVA;C(o 51~ O)=COGC(. 3G, 0 )/GINC( o 36, 0); 
MUL;41;51;60; 
WEI;60;1o0;61; 
j /1 0 
DETJ 9 61 '61 ~ 61 ~ 61 '61 '61 'r:)J. , 61, 61 9 61 ; 0 '1 '2 ~ 3 ~ l~ 9 5' 6 9 7 ,8 9 9 'i 10 9 
CALL;34; 
coNT.;: 
EVA9C(1.06 9 0)=TBP+8.0; 
CALL;31; 
CALL;34; 
IF;TBP<C(1o06,0); 
IGOT0;26; 
ELSE; 
SET;l,2,3,4,5,6,7,8;0,0,0,0,0,0~0 9 Q; 
SET;9,10;0,0; 
RETURN; 
OUT 9 0; 0 91,2 9 3, 11-, 5, G, '7 ,8, 9,10; 1, 2, 3, 4, 5 ~ 6, 7,8 9 9,10 9 
OUT;C;0;1,2,3,4-,5,G,7,8,9,10;1,~,3,4,5,6,7,8,9,10; 
RETURN· 9 
·END; 
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. \ !Tc;rmTX C 
---··-------
(a) 
This program reads tapes written on Modular 1 computero 
These tapes take t'1e form of a continuou:J string of digits 
multiplexed in blocks of 8 or l6o In this study 8 tracks 
were usedo Reading the tape involves demultiplexing and 
producing as output an 8 channel array record for velocity/ 
azimuth filterinF, usinr, the program VFIL on NUMAC general 
purpose IBM 360/370 computero 
(b) Program VFIL 
This program calculates the correlator functions at 
given time points alonv, t~e array record as functions of 
apparent velocity and azimutho The input data include 
starting~ final and incremental values of velocity 9 azimuth 
and time (ioeo sample number along the record)o Also 
required as input are the time \'Iindow for smoothing the 
correlator .function and the number o.f correlator peaks 
requiredo 
Then at each time point along the record 9 the program 
computes the correlator functions in the given velocity~ 
azimuth spaceo These computed values are smoothed and 
arranged in descending order o.f magnitude so that a 
specified number of these peaks can be printed and/or 
plottedo 
(.. P P fJ Sf· A:-·~ T ,·: ::: :. r· ~ 
C THIS PP\)l~i::~r·' ~·;:~·[") 1/,;J::' \H~ITT:'rJ llf·l 1·10!.1\Jlllr:' Ot·IF COt·1PUTER. 
C PCJSITO!l TAO[ 1•1 THr- ;'f:l-If;liJHr: UF TH[ FIPST FILE 
I N T f r::. i.: "! * .. · ·.~ ;~ . ~ :.· ( :· " (. ) I L r: t 1 
L,Ir·1~:r.::::1n'' r-H<··, ;r.•J 1.r),JU(>),r·c<:l) 
L f: II=.:· 
L ;\ L L L :·: T I' L ( • t:· I) .-.!' c: ~· ; ' ... I L l t: , 1 ) 
~. P 11 S = I 
Ci'<LL t:iF;.:(_,,,) 
p ::: f, ~I l ) I ~ .) . ) I. 1.' ;.~ , .. 
3 ) .·~ F 0 ~! :·1 11 T C · 11 \ , j ·1 ~. ) 
l!fiL:::: I!L'ilf L•i···~ 
c A L L :) !<. : p ( :I f I I I. I ! ·' I I ) 
I·! S .~ ,.;= i_i 
c 
.C. THt: r-:n•sr i \Jllf c(_IIJT0:;.ti~ rl~f.'.J[:r :!'IH .. t1 
C A i I [} A :· C U T l 1 o ~- 7 ~' c: C l 1 t: 'J iJ T .4 J c F t C I l ~: D ;: Cl :,_ T 
C Sii:·',Pllllt; F;:.T;; ,_·r: lll'ljl~liC>L~S P':.P s:CCtl·l:J 
C* Trlc F.iR~:T FL'JCr I~' THf:kEFCd:c f'tllD ,:IIJJ IGWJRED 
c 
f.! c A [I ( 1 , :: ' ) '; ~~ I ' u 
c 
C T H F S l: CUr ll it! I L ::. l_l.i ~~ f. t: 1J r: t•l T L' L U C t<. S K P C R f A 0 /l N ~ USE 0 
c 
C E A C H [)Lull 1. r; I. l ,~ I 'l ~ ? ;; ,<.. S T :o l I I G S P !~ P R : S E ~·J T I N G 3 2 SA ~1 P L f. S 
C \) F .S L H ~ H I · '- l. I I 1 ;-: l! !; r.·, 1\T I r 1 N • T H E F H~ S T S T ;;' I N G 0 F f A C H R l 0 C K B E L 0 I 
C T U T H E L ;\ S T .:_:, :\li 1-' L ~: U F 1 th P D f: V l U 0 lJ S [\ L 0 C K 
:s 0 ~~ :: A L; ( 1 , ::. :·. I :: I ; I ' :.: 1+ ,_. ) ~~ {J f.\ p 
3 3 F I) F: i·1 t:. T ( 1 r :' il ? , 1 ~· .~ f'\ 2 ) 
lJ p .:. 1 I = 1 , ·:. ~~ 
N ~ A i·\ = r 1 .:, i• r 1 ... 1 
IF ( i·J :;,r,: I. (· T o :'l• '111) ( U T d 4 'J 
DO :..:i J:.:11: 
I p 0 s = 1 • ... t I - 1 ) -t .J 
!<. =Ski~ I' ( 1 r• :·· :. ) 
C H ( ,J, 1.(:) ~· i·\ ) = 1' L. '.l.:J· l ( f~ ) 
3 5 C ~) I JT l I i 'J ~-
4 1 C 1.1 I J T I I 1 L.; i: 
!·IJTU ·::_, 
4 ':l I~ S;. H:: ! I~; 11 1.1- ·:·· ·: 
c 
C ~; E ;:.. r: ~· 11 I·' S t L t 1 ;1 ; · !.' .. \ Y I f·l k' ;: ·. 1.1 J :.' ~= [; (I ;J ~~ r. P A I J 1J 
C C A L C U L ;~ T := i_l C \: I" F' ~; ;_ T S 
l\ I_) ~! 3 _l =- ·1 I ; . 
UC(:::):.:I).:! 
4 3 C 'J rn I WI ! 
· 5 U L: u ~ 5 .:: = '1 , · 1 : ~: : 1 
C H ( 'I 1 l ) = r, 11 ( 1 1 .1 + 1 ) 
T ::HI-'=CH ( ·1, l) 
l)() ~3 J='lll' 
c H ( J I I ) ::: c H ( j + '1 , I ) 
~ 3 fJ l ( J ) ::: [II_ ( .J ) + ( I~ ( .J 1 l ) 
c t1 < <:: 1 1 ) :: r ~ 1 I r· 
DC ( 0 ) ::: :.1 l ( ." ) + T :: 1 1 r· 
55 CUNTII1Ur 
c 
C R !.:. I· i U V [ [1 C I' c F :, ~.· T ) 
c 
; 't ~ n g o f T I< E A D a t 'I ? : c .1 L : ;. 1, 0 n ;... L r f., ! J 1 1 G q 5 f o r C C i r1 = G P 0 ? 
52 
oCJ 
90 
DU ~~'? 1:::11 'l 
l1 C ( 1 ) = t: l ( J ) I F L 0 o\ T ( r.J S f). H ) 
corn H!Uf 
D u ) (l, l = 1 , r ! ~. ~ ' 1 
Ull )? J:.:1,·· 
C H ( J , .i ) :::. C. 1-1 ( J , I ) - [1 C ( J ) 
c urn I !·rut. 
K = t·J ~ r. r. +·1 
no t'G I = r·~~'l),_tr·, 
D U o U J = 1, :' 
Ch(Jil) :.:: fJ.JI 
cornrr;u: 
\·1 ~~ r T ::: <.., , "::1 ) <. < c ! 1 c J , 1 ) 1 J = 1 , .., ) , I = 1 , N s ~ r 1) 
F- \..lf\ f·\ il. T ( i-: r ·1 :·l • ~· ) 
s Tf.i p 
t r~ L• 
DC(R) 
c 
c 
C ~FA 0 I"' C'1 ~T k 0 L PAT .'1 
~E:AD (5,10) AZSTOT 9 A.ZEI.Ifl 9 Azsrcp, VSTJ\T, v:fl[l, VSTEP9 SR9 WD 
R~An (~,~0) NPIT, NR, NV, MX, IP9 !ST~P9 NPEAK, ~PEQK 
REI\~ (5 9 10) X 
~~A[) (5d0) V 
·.Df~D (5 9 :,0) t.IFVE~!T, fiTAPr: 9 t!FIL~ 9 ~ISH1 9 01, !=P 
t> C:: L\ Cl ( 1 9 .l. 0 ) ( ( C H ( I 9 ,J ) 9 ! :: 1 , N P 1 T) 9 J = 1 , I~ SAn) 
10 FO~MQT (bFlOo~) 
20 F!JiH1AT (8!10). 
30 i=f!J::t!IIT (.:.IlO, 2Fl0ol) 
'..JP.TTE (~, .... ~~) flf:VE'I'JT, :·!TAP;, NFYL= 
't 0 F D R ; 1 ll. T ( " l " 9 l .:. X 9 " ~ V !:: N i N = " 9 I 5 9 I 1 4 X 9 " T '' D t:: f; = " , ! 3 , I 1 4 X , " F I L '= N 
1 " ! 3) W~!T~ (~,5n) IP 9 ISTFP 9 WQ 9 HP~AK 50 F 0 D 1·1 :l T ( " l'l ' , 1 5 X , • I 0 = "' 9 I 5 9 "' SA 1·1 i' :; "' 9 /1 f.>'( , " T ~ T ~ ;:> = " , I 5 , 1 X v " S ~. 
1 P S ' I l 6 X , " I N T o ;.J 1:-10 0 W = " 9 F ? o .:' , 2 X , • S E C 0 tl \l S " 9 11 t X , • N f..l E H :: ' 
2 ~ ... ) 
\H~1T[ (6 9 t•0J 
6 0 F il P ~·I A T ( " 0 " 3 S .v. 9 ' S T {j. R i " 9 ? X 9• "T F; D 1·1 ! N l L " 9 ? 'f 9 " I : ~ C P E N F. N T " ) 
W R ! T ~ ( 6 , 7 0 ) V S T A T , V c:: t I ~ , V S T = r , A 7. S T A .,. , A 7. ~ ~.1 0 9 ll. l S T ~ P 
7 0 ~: 0 ? H AT ( " 1) " , 1 :1 X 9 "V r L ::J C I T V ( !I.'· II S ) "' 9 ?- ( ] X 9 r: 7 o 2 ) 9 11 6 X 9 " ll. Z !1-llJ T H ( 
1 F. fj S ) ' 9 3 ~ 4 X 9 F 7 • :' ) ) 
·,H'!TF. (6,8i_l) 
80 Fn~MAT (lHl, llX, "S? VFL~(TTY AZIMUTH C0RQEL"I) 
C S c T ? n :r ~·I T:; 11 T :! ,.. ~ ;: t~ !JI R E ':1 t: L F ~~ q.l T ( T I t-1 ~ ) A L :-' tJ \, C H ~ R R A Y A !·I [l 
C CO~IV~:P.T Tille WIII~~DW TO PITEG?~L tiLIM",t=R DF SAt~rt.ES 
L"= T P 
N P. r 1 = !-1 k + 1 
N('-4 = NR + NY 
1·1 = ·· TP 
r 1 ~~ J = r F 1 " c s C" :': ·.J 'J ) 1 2 :': 2 + 1 
NA: = !F:xc(flz:~:Jr'l - P.ZSTI\TJI~Z$TfP) + 1 
~.;v = IJ;:If..((Vl:IIP - VSTA;T)IVST~P) + 1 
TSTAT ~ (FLGAT(IP)) I SR 
T 0:: '·I D = ( r L '~ ~ T( '1 X ) ) I S C'.! 
TST[p = (FLDATCISTEP)) I sw 
TI = TST.:.T 
r-~ = FR I ?...0 
F~ = F~ O.l 
F3-= Fl + 0.3 
KP = 1 
C/\LL r!IP~;:(l) 
CALL C~P.t.C~((l.n, FP, 0.t),'l.OJ 
CALL rSPAC~CO.O, FR, 0.0, 1.0) 
CALL MAPtn.o, ~2, 0.0, 1.0) . 
. (.:\LL PU1TCS(F1, 0.03, "TI11E(SECOf.IDS)", 13) 
C\LL (:T~UL.~!C!.OJ 
CALL PLllC~CO.O:, 0.1,, 'VELOCITY(KMIS)" 14) C~ L L ? LIH C S ( 0 • '' 2 , 0 • '· I) , " .!\ Z H~ U T H C 0 f. C~ ) ' , l 2 ) 
CALL "LnTCS(Oo02 9 n.7~ 9 "CJRREL's f) C: A L L C T R (, R I ( 0 • 0 ) 
C~LL P~P~C~(O.l, F?, 0.!, C.3) 
C:\LL r:.~P(TSTAT, TI?NO, VSTAT, V!:Nn) 
C~\LL ;\YF.S 
CALL ?~~~CF(0.1~ F2, 0.4, 0.6) 
o
0 
. . c t, L L H A p ( T s T .'\T • T r:l•l i) • ll z ' T A T • A l E t.PI ) 
----,.---;;;-rr--;rv-;:r-;-----------~---- --------------C.'\[[ AXf!:.. 
CALL PSP~CPC0ol g r~P n.79 0.~) 
CALL tlii.P(TST.lTg Y[r![lg o.r)p Cr~) 
CALL AX!:~ 
C INITIALIZE TMP APRAY TO ![RO 
c 
90 DO llJ I ~ 1 9 NAZ 
. DO 11')') ,J = 1 9 IIV T ,, ~ ( J 9 I ) = 0 • 0. ,, ' 
1 0 0 t: ':" NT :U~ lJ ': 
11[1 C l1NT :UJ U!:· C CR~ATC. AqRAY nc VELOCITieS 
V flU r1 = V :;; T !\ T 
c 
c 
00 120 IV= ~P NV 
V(IV) :: VLJUN 
Vl1 !Jr1 :;: V~JU~1 ? V S iF. r 
1 2 (I CJ N i I N U E 
JJ, 7. [I !_I M :: ,.. ~ '5 T ,'!. T 
13t) r·o 1:10 r .. :. = 1, 1!:\Z 
~~ = UlO~ * AZ~U~ 
..1:UUH"' .~Z!"'ll/-1 ~ !J..Z~T~P 
C A L L 0 :.; L ·~ Y ( r1 , ~ Z 9 I~~ ) 
n 0 1 :0 I\' :: _ 1 9 1-1 v 
3 7 50 
r: 
C--STAI-!T tnClP TL! q)!.~ r'1V:~' h"L1ri''.?P ~!= 3.:\f'.!"L'-"S C1Rr·::<:p('.f·J":•I'H; T~ TH!2 W! 1·P1il' 
c 
r. D l;.; o I · = 1 9 r! '·I 'J 
!? = o.r. yy = o.o 
----c------· ···------------ .- ... ------------"-- .. ·-·-·-··--. ------ - ----·~ 
c sur:, 
r 
1.. 
:-'J -:!.4-0 J = 1 9 HR 
.~ = ~ + CH(J 9 IO(J 9 IV) + !) 
J40 CO~T!NUE 
C SIJ~I'·Y::LLOW .\i\'1 
': c 
r 
l 
("' 
~~ 
("' 
c ,.. 
~-
15~ 
TtoK!: 
fo=IJ? 
(1N2 
DO 150 J = NRP1 9 ~CH YY = YY + C~(J,!n(Jp!V) + I) 
l.OtH!fiUE 
S q R T n r R :;: Y Y IH T H T ~~ c S I G N P R E S F. P. V E G 
~~ y = p ::: y y 
PO~TrY = S~~TC~~S(PY)) 
RChJT:~y = S!(;t-!(Rf18TPYpRV) 
D~l~ VE1.2L!TY At~n ~HIF. ~ZI~1.UTH COr·1~INAT!t1N~ 
TA~ VALUL; !S RfTUP.!JE{' . 
T~~(IV 9 IA7) ; TAP(IV 9 IAZ) ~ POOTRY 1e.n CCtiT.LNUE 
17!) C[PJTHIIJE 
1?.":· CONTINtJE 
C::: ~·1nr1T•1 r:'UT COf'R~LH!"'N v.~LLIF~ !t·i TAP ~R?AY A~1!1 nUT~UT TO s:.IT,,P A~RlY 
C T H ~ F [liJ!:? [ L E; l !=/.! T S (1 r- · $ wr !I P ~ D 1:.1 A Y AT T H!: F ~ lJ R C 0 R N f. D S 
C 0 F T H ~· F I:: L l1 ARc 1\! 0 T S 1·!0 !1 T H:: ') 
1 9 :' N v n 1 = rJ v - 1 
t II\_ Z ,·~ 1 = :-H\ Z - 1 
r. 
C IN!ll~LIZE S~T~P A~RAY TO Z~RD 
r 
0n ~1n I = 1 9 ~A! 
OU :00 .... ' = lp NV 
Sl1TAFC!.9J) = 0.0 
200 cntJTitJut.= 
2 1 0 C Cl 'JT H.JLI E 
SMTAP(l,l) = T~P(l 9 1J 
S!1Tt...i'(t"V 9 l) = TJIP(tJI/ 9 1) 
S r IT •' P ( ~ 9 i·· il ~ ) . :: T ·' P ( ! , ~~ :\ ?.. ) 
s ~ i T f; P c 'I v , H .'\ z ) = r ~. r <r 1 v 9 ~~ A z ) ~~ ~~0 J = 2, NR!~l . 
300 
310 
32(1 
330 
0(1 3?0 J = 2.p ~1.0:111 
D 0 ": 2 0 I = 2 ~ ~~ V t-11 
. V ~ L = · S ~lT A P ( I » J ) . 
JP t ~ J - 1 
J?l = J o¢. 1 
1' 1·11 ;:: ! - l. 
r P .t =- r o¢. 1 
N? = 3 ::c 3 
JC = 0 
00 310 Jl = Jill~ ,JP] 
DO 300 Il = IMl, IP1 
i~ (VAL .LT. S~T~P(I1 1 J!)) GO TO 300 JC = JC ~ 1 
CO liT HJUr 
·C'ONTlNUC: . 
!F (V~L .LT. ~.0) GO TO 320 
IF CJC .~E. NP) Gn TO 320 
KC = KC ~ 1 
rvv :;; I 
JA Z ::: J 
Vf.LCTY(K() = V(JVV) 
A!MUTH(KC) = ~ZSTAT • (JAZ - 1) ~ AZSTEP 
CIIRR(KC) = S:HAP(IVV,JAZ.) 
r: n rn rrJu!::: 
(Cl~ 1 TINUf 
376. 
C. Sf.T U ;w S E!) L ~ C 1\ T I 0 J~ S 0 F C fl R R , VEL C TV , ~ Z 1··1 U T H At> R ~ Y S T 0 Z t R 0 
r 
" 
c 
,.. 
"' 
KC~! :: 1".\.. + ! 
oo 340 r = rrPt, 1000 
co~kCI; = r.o 
Vf:LCTY(!) = Oo'l 
-~ZI"UTH(I):: 0.0 
340 CONT HJUE 
KCK=I\C 
I f C K.C • ~..: l1 o 0 ) G 0 T 0 ? 7 0 
CALL scn·uc) 
1 r < K c • 1. E: • r·J ;>f 1' K ) Go r r. 3 !'a 
If r.. = t·i r:';.,:. r. 
CALL Pt.nTCrE, C~} 
It-=Cr<'=KoLL1·1i-'2AK.·) GO TO 355 
v. C'. ::rl P~ .nt; 
~~ (} T l_l 3 5 ·; 
313~ KC=KCK 
~ ~ 7 1.1 P. I T f ( 6 , 3 :-, 0 ) ( V :: L C T Y ( I ) , 1\ Z 11 1.1 T ~~ ( I ) , C 0 ~ ~ ( I ) , I = 1 , K C ) 
· 3 f.B · F IJ o i·~ 1\ T ( ...! n ·X 9 2. r: 1 ('I • 2 ; 5 X 1 F 1 0· o 2 ) , · . . . · . 
.... ,.,.,, .... ~. ,.,_,..J '.J'"'~J.LI"I'-"' VhC..•.J\..J.'l L! 
l. 4::. PII.J T '"i I '.' T l1 c. F I ~ L [l 
C If·' ( L 1_1 ~Yt N (~ i H;;. r.: [l (;.: <; 
3~0 CM~X ~ OoC 
~, :1 :: 'J,.., r ? 1 p ,., ~.~ :_ 
~0 3'?" J = !~ ~!V 
!F (~NTAP(J,!) ol~o 
cr1 r. :< = s rn M' c J , r ) 
T!·l X = I 
J!IX ::: J 
:ltl(l C'J'.'THJLif· 
:. &:! 0 c: J ~Ji 1 r~ u r: 
T.'\P~1X(K?) = Cf·1 !~X 
( ~·1 .\ X ) r; 0 . T Q 3 ~ (I 
·-' 
$ U ~ R 0 U T ! I i F f'1 [ L 1\ Y C·l , .o. Z , I :_1 ) 
n I '1 E N S ! 0 !~ X ( 8 ) , v ( '! ) , I t• ( f' 9 1 ti 0 ) , V ( 1 0 Cl ) 
·.• 
r:. U ~·I :'·1 Q I~ I.: ELI V , 'IV 9 S C' 9 < 9 Y 9 '·I " '! T 
C ST~RT ~10 Ll1!Jfj Tll Crlr-!PUL: 'rif·lf Of:L•'VS HI ~Hl,Lf r:ur.q~r:R or: SA'1PU:S ,. 
'"' D 0 4 (I J V :: 1 9 ~~ V 
I !J ~~I ~·' = 3 ? 0 0 0 
~0 !0 l = 1, ~PIT 
TIV ~ -(Y(Y)*r~SCA:) • X(!)*~l~(AZ)) I V(IV) 
!P(!,'!V):: !FIX(TIV:~:~r + 1".5) .. 
'! r- ( :.t [) ( :::: , I V ) • L T • I D ' 4 ! t·l ) I 11 1·1 IN = ! ") ( ! , IV ) 
l ~~ C 'J 'H !f'·1LJ E 
20 IANl = H - T011HI 
r"J :J ~ :) 1 "' 1 , r' r ~ r 
! IJ (I , IV) = Ill C 1 , IV) + ! AD 0 
: !i c n r.• T ! H u F· 
4 n ('. o 'IT HI" E 
? != ;" Li p I.J 
::N:l 
S SUr. P. :1 UTI t.l ~ p ~Dr~ T p S {I~: T S ~. C ~ L .~ 1•1 E I r.T S [11= C: n R o A ~~:A Y J t·/ D F= S ( : '-! D I ~I r, 
c f!:::~}f.D ~f'= ~l!'l(:li!TI!rJ~. Ff_l[' :=.~t:H ELEf'Ft!T rr: srJ~~, T!;C (OP~":SI'(II.J!')~IIJI; 
i.. V tl l ll E S (l F V f L I)(. ! T Y A W 1 A .r! ri U T H A~~ . ATTACH;:: r1 
r 
·-r. 
--:--c------- - -
. --~ 11 6 5 L' .4 ~ :: u T ::: I i r. ~' u ;: T ( 1(. c ) ·' 
:~ 07 
:,·o ~1 
~0'71 
:no 
"-lll 
31? 
11.3 
~1to 
'.H5 
~16 
317 
~ 1 e 
319 
320 
32 1 
?2?. 
3.:3 
32~ 
.~ 2;; 
326 
:127 
:!2~ 
-~ 2 ':l 
130 
~~ 31 
332 
:n:. 
:134 
1:5. 
3:6 
337 
j 3 ~1 
:<-;-:' 
j-. (' 
:1<+1 
:u~ 
j~J 
~4~ 
345 
3"-t-
347 
:.o~.!., :-! 
344 
.:S 50 
:-~ ~ 1 
3!:>?. 
':Jt;"j 
-'-'--' 
354 
:!55 ) c; ,' 
;.,. t' 
?,'j7 
:'' ~ :Lsc:-
16 (l 
r.l:f.'H:~·!.Sinl~ cn;~~(l(ll"tl)) 9 V:::LCTV(l(lCf'J 9 ~z.r,li.ITH(l000) 
C8'H1'Jf! VL.LCTY 9 A7!1UTH 9 C'JP~'o ~,rr:>::;p.!<p TI 9 F2 
!<. (~\ 1 = K C - l 
Q~ 2~ ! ~ 1 9 KCMl 
IPl = l "' 1 
DO 1n J ~ I?lp ~r. 
!F (COnR(I) oGEo C~R~(J)) ~0 TQ 1~ 
Ti:I'F' ~ CORP(!) 
CtH'R(!) "" cnRP(J) 
( r1 ~} p ( J ) : T f ~., r> 
T :: 1.1 P ~ V f L C T v C I ) .. 
V~LClV(!J = V~LCTY~JJ 
VEL C T v C J ) = Y ~ 1·1 ~ 
TlMF' = ;lH1UTH(1) 
A!~~IJTH(I) = .~zr~UTH(J) 
~:~UTH(J) = TEMP 1 
10 CONTTfJU!= 
2(1 CO~ITIWIE 
;:;c:rUPN 
END 
$1.1 ~f.' GI_IT I 1.1: P L 0 T ( K C 9 01) 
D I 'r f N S T () I l T ( ?. 0 " 0 ) 
~!NfNSIOH Ca~~(10nO)p V~LCTV(l0Q0)9 ~ZMUTH(l000) 
Cll'1:·11"1~1 VLV'TY» A?.r·IUT~v Ct:RP. 9 f·IC':=A~< 9 YI 9 t.:., 
COW·ICH'i /Pl/ vsrAr, v:1~t:1 9 ~ZSTt.Y9 .ln:r·ID, TST~T» fF.N':' 
sr-: = cr, 1 :.o.o 
C .~ L L. ~· S P i.. C F. C 0 • l 9 ~ ? , 0 • 1 v '1 • ? ) ( ,'\ l L t:l,:: P I.:<:; T AT 9 T '= ~~ !l 9 V S T '\T » V f- N [I ) 
C:'\LL (TK:.JF.T(4) 
no lC• r ~ 1, ~c 
C~l.L CTP~AG(!F!XCCO~~(I)/SF)) 
V = V'=.LCTY(l) 
C~LL PLDTNC(Tl 9 Y9 ~4) 
1(1 c o ~rr ! :·I' q: 
CALL P5P~C~(0.1 9 F2 9 0.4, O.A) 
C ,'\ l L :·1 !I P ( T S T AT , T C: f l [) , f\ l STAT t A: ;: ~I D) 
nn ~C' '!' = 1 9 Kr. 
CALL CTP~~GCIFIXCCORQ(TJ/SFJ) 
Y = A Z 1·• U T H ( I ) 
CALL ?LnTN((TI, '( 9 ~~) 
20 CII~JTT~IUf~ 
CALL D~PAC~(O.l, F~, ~.7, 0.9) 
C ;.\ L L 11 f•? 1.. T) TAT , T :: N D 9 0 • n 9 C ~!) 
DO 3':' I ::.: J., I'.C 
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